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"Es ist nicht genug zu wissen, 
man muss es auch anwenden. 
Es ist nicht genug zu wollen, 
man muss es auch tun. " 
Johann Wolfgang von Goethe (1749-1832) 
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ABSTRACT 
Although the production of aluminiurn is a well- established process, quality fluctuations 
frequently occur because of its main feedstock, alumina. One of the reasons for the 
problems is the segregation of particles during the storage of alumina in silos. Air 
current segregation (ACS) was identified as one mechanism causing segregation. 
During the filling of a storage silo with alumina powder, air is simultaneously entrained. 
As a result, airflow circulation arises and separates fine particles from the bulk stream, 
which are then deposited to the outer areas of the silo. The literature claims that factors 
such as powder feeding height and rate, and air extraction heavily influeme the 
occurrence of this phenomenon in the silo. However, in the literature, no quantitative 
experimental data are presented. Due to the lack of a detailed physical understanding 
of ACS, it was the objective of this research to investigate the relationship between 
different parameters, e. g. the powder feeding rate and air extraction rate, and ACS. A 
further objective of this research was to find a scaling method that could be used to 
scale results between different sized experiments. First, all significant parameters were 
identified by experiments and dimensional analysis was applied to develop a scaling 
rule. Five dimensionless groups were obtained, which was unwieldy. To reduce the 
number of dimensionless groups, physical properties were lumped into the terminal 
velocity. This simplified approach gave three dimensionless groups. These were tested 
in an air silo and a cylindrical silo filled with water. The results showed that the 
dynamics of the particle-air flows in the water and air silo were slightly different. Further, 
experiments included the visualisation of the particle jet in an industrial storage unit, a 
two dimensional rack, and in laboratory cylindrical silos. To measure the particle 
velocities in a laboratory cylindrical silo, Laser Doppler Velocimetry (LDV) and Particle 
Image Velocimetry (PIV) were used and results showed that a dense particle jet leads 
to minute segregation. In addition, process parameters, e. g. the powder feeding rate 
and air extraction rate, were varied in cylindrical silos and the extent of ACS measured. 
ABSTRACT 
The measurements were combined into a single value for the segregation index. 
Experiments in the laboratory silos gave similar values for the segregation index in sets 
of nominally identical experiments. Further, it was found that the segregation index 
decreased with increasing feeding rate. Collecting alumina powder in various 
compartments of the silo bottom is a new idea for investigating ACS. The Eulerian- 
Lagrangian model was used to simulate air current segregation with the CFD software 
Fluent. The results were similar in the laboratory silo and the CFD simulation. Overall, 
it can be concluded that ACS can be measured quantitatively in experimental silos. By 
combining various research methods, such as dimensional analysis and CFD 
simulations a holistic picture of the phenomenon ACS could be formed. The developed 
three-group dimensional analysis can be seen as the main contribution of this work as it 
provides a scaling rule to predict ACS in different sized equipment. The segregation 
index forms one dimensionless group which quantifies ACS in experiments. 
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CHAPTERI 
INTRODUCTION 
Investigations carried out in this dissertation were based on the industrial problem of the 
separation of coarse and fine particles during silo filling. This phenomenon can be 
caused by air current segregation (ACS). Companies handling alumina encounter 
frequently problems when highly segregated material is discharged from storage silos. 
For example, in downstream processes, the fine material can cause the blocking of 
pipes. This introductory chapter provides information about industrial problems 
occurring during the handling of free flowing powders. The chapter aims to increase the 
understanding of ACS in storage silos. It gives general background information on the 
dimensional analysis technique. In addition, the key concept of the computational fluid 
dynamic (CFD) simulation in the software package Fluent is presented. The aims, 
objectives, and development of the research are explained. Lastly, the structure of the 
dissertation is outlined. 
1.1 INDUSTRIAL PERSPECTIVE 
The segregation of bulk solids is an unwanted phenomenon in various industrial 
applications (Arnold, 2001 and Carson et al., 1986). Several segregation mechanisms 
are known to separate particles of different physical properties, such as particle size 
and shape. These mechanisms cause material with similar properties to collect in 
certain areas of the storage silo (Williams, 1990). 
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Air current segregation (ACS) is a particular kind of segregation mechanisms and the 
object of this study. ACS occurs when free flowing powder, such as alumina, is filled 
into large storage silos. It is very likely that alumina powder segregates due to 
circulating air currents in a storage silo, which are induced by the failing particle jet. 
Fine particles are carried away from the central filling point by air currents towards the 
silo wall, where they accumulate. Larger particles that are not carried by air currents 
settle in the middle of the silo (Mosby, 1996). The degree of particle segregation is 
affected by parameters, such as the air extraction rate, the filling height and the powder 
feeding rate (Carruthers, 1987). Researchers (e. g. Carruthers, 1987; Carson et al., 
1986 and Dyroey et al., 2000) have identified air current segregation as a cause of 
serious handling problems in the feedstock alumina. One problem is the unloading of 
alumina from large silos into railcars. Although an averaged content of fines (particles 
smaller than 42 pm) of around 8 percent is acceptable in the railcars, the value 
frequently exceeds 20 percent (Carson et al., 1986). Further, Johanson (1987) reported 
problems when discharging alumina from storage silos. He found that extremely fine 
slug was discharged from the storage unit and caused downstream problems such as 
the uncontrolled fluidisation of the material. Another industrial problem of quality 
fluctuations of the feedstock alumina occurs in the aluminium production process 
(Grjotheim et al., 1993). GrJotheim et al. (1993) reported that an increase of fines in the 
alumina fed to electrolyte cells causes slug formation and anode effects. The anode 
effects are an increase in the cell voltage in the electrolyte cell. As a result, harmful 
gases, such as carbon monoxide or fluorocarbon gases, are formed. 
The Anti-Segregation-Tube (AST) was developed by POSTEC* and Hydro Aluminium 
(Norway) to minimise segregation. The principlal idea behind the concept of the AST is 
to fluidise the material at the top of the silo and to discharge the aerated material from 
filling pipes, which are fixed to the silo wall. Specially designed flaps in the filling pipes 
discharge the alumina into the silo just above the top of the heap. This reduces the 
separation of fines from the bulk material. The installation of the AST in alumina 
storage silos reduced the coefficient of variation of the material (standard deviation of 
ý POSTEC is a research centre for powder technology and part of the Tel-Tek research institute (Norway) 
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fine content divided by a series mean value) by 54 percent because air current 
segregation was eliminated (Dyroey et al., 2000). The AST is a good solution for new 
silo installations. However, for already existing silos, installing the AST is a very costly 
investment and, therefore, the alumina industry is looking for other possibilities to 
minimise ACS. One research area is to enhance the understanding of the relationship 
between process parameters, e. g. powder filling rate and air extraction, and ACS. 
Another field of research is the improvement of the powder filling mechanism to 
minimise ACS during the filling procedure. 
1.2 RESEARCH PERSPECTIVE 
The present understanding of ACS is based on general descriptions of the phenomenon. 
The literature reveals the great extent of work done in powder segregation, especially 
on the segregation of particles in the powder heap. Research investigating ACS 
experimentally or theoretically is rare in the literature (Mosby, 1996). Only a few 
researchers have quantified the influence of process parameters, such as the air 
extraction rate or the powder feeding rate, on the air entrainment in the particle jet 
(Cooper et al., ' 1995). The investigation of the feeding mechanism and the effect on 
ACS is hardly covered in the existing literature. These gaps define the aims and 
objectives of the research. 
1.3 STATEMENT OF AIMS AND OBJECTIVES 
The work presented in this dissertation is an exploratory study, which aims to enhance 
the understanding of ACS in different scaled units. The objectives of the research were: 
(i) Showing experimental evidence that ACS can be measured in laboratory 
equipment 
3 
CHAPTER 1: INTRODUCTION 
(ii) Exploring the occurrence of the phenomenon ACS in an industrial silo 
(iii) Developing a CFD simulation of ACS with the software Fluent 
(iv)Testing the simplified three-group dimensional analysis in a water experiment 
(v) Investigating the effect of process parameters, such as the powder feeding rate, 
on ACS in an experimental silo 
(vi) Improving the existing feeding mechanism of an industrial silo 
1.4 BACKGROUND TO THE RESEARCH 
The research was embedded in cooperation between the Norwegian research institute 
Tel-Tek (POSTEC) and the University of Surrey, UK. Alumina companies in Norway 
and Germany supported this research with technical advice and alumina material that 
was used for experimental investigations. Financial support for this research project 
came for two years from the European Community, which funded it with a Marie Curie 
Scholarship. The EPSRC doctoral training grant studentship supported this project for 
one year. 
1.5 RESEARCH AREAS 
Working within a network of different research institutions proved to have advantages 
for the research work. First, the researcher was able to use a variety of sophisticated 
research equipment, such as Laser Doppler Velocimetry (LDV) and Particle Image 
Velocimetry (PIV), to investigate the particle flow in a small scale cylindrical silo in 
Norway. Second, an air model and a water model were designed and built at the 
University of Surrey to quantify ACS by using experimental methods. Finally, 
experimental results from laboratory equipment were compared with Computational 
Fluid Dynamic (CFD) simulations conducted with the software package Fluent. The 
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findings from investigations in the laboratory equipment were used to modify the feeding 
mechanism in an industrial silo in Germany and tests were completed successfully. 
Looking at the development of the project, three main areas of research were identified: 
* Detailed investigations in laboratory scale silos in England and Norway 
9 Tests in an industrial alumina storage silo in Germany 
9 Modelling of the particle physics with the software package Fluent 
A holistic picture of the air current segregation phenomenon in cylindrical silos was 
gained because the three areas of investigations were combined. The cooperation with 
an alumina production company in Germany had the advantage that findings from 
laboratory experiments, such as the improvement of the feeding mechanism, were 
tested directly during plant operation. The theoretical framework, which bonds the three 
areas of research together, was the dimensional analysis (DA). The DA provided the 
scaling rule between process parameters, such as the powder feeding rate and air 
extraction, to keep dynamical and geometrical similarity between the different sized 
silos. Furthermore, the DA was used to quantify the degree of segregation when the 
dimensions of the silo and process parameters were changed. 
1.6 DIMENSIONAL ANALYSIS 
Dimensional analysis is one research technique, which is widely used in engineering 
disciplines to scale or predict a physical phenomenon in different sized equipment 
because the physics is similar when geometrical similarity is maintained (Barenblatt, 
2003). In other words, the phenomenon is similar in different scaled geometries when 
the dimensional governing parameters differ only in their numerical values. The 
dimensional ratios for the geometries are kept constant. The parameters al,..., ak and 
bl,..., bm are called governing parameters where al,..., ak have independent dimensions 
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and bl,..., b.. are products of the power of al,..., ak- Mathematically, a functional 
relationship between the governing parameters can be formulated as follows: 
f(al,..., ak, b, ..., b. ) 
(1.1) 
Using the Buckingham rule, the parameters are grouped to obtain dimensional 
homogeneity using the m, t, I unit system where m is mass, t is time and I is length. The 
fundamental dimensions of the phenomenon under investigation are selected. The 
remaining dimensionless ratios formed are also known as numerics or rI quantities 
(Barenblatt, 2003). Equation (1.1) may now be replaced by a functional relationship of 
ri quantities: 
Fl, ý--f(112J13-JI(b-, )) 
1.7 OVERVIEW OF THE DISSERTATION 
Experimental investigations were conducted in small scale laboratory units and in the 
industrial silo in Germany. CFD simulations were carried out in the UK in order to 
contribute to the understanding of the phenomenon ACS. The six different strands of 
the research are shown in Figure 1.1: 
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Strand 1: Investigation of the 
particle-air flow in the 
experimental silo in Norway using 
LDV and PIV techniques 
[Chapter 4] 
Strand 2: Video recording 
and sample taWng in the 
industrial silo In Germany 
[Chapter 5] 
Strand 3: CFD simulation of 
ACS in cylindrical silos using 
the software Fluent 
[Chapter 5] 
Laboratory 
equipment 
t 
Strand 6: Testing of dimensionless 
parameters (DA) in the 
experimental silo in England and 
testing of the simplified three- 
group dimensional analysis 
experimentally 
[Chapter 51 and [Chapter 6] 
'I, Industrial 
silo 
t Strand 5: Testing of an 
improved feeding mechanism 
in the alumina storage silo in 
Germany 
[Chapter 5] 
-I 
L nt- 
ýCIFUDO 
simulation 
I 
Strand 4: Testing of the 
simplified three-group 
dimensional analysis by 
applying the simulation model 
for sand particles In water and 
alumina particles in air 
(Chapter 61 
The research concept to investigate ACS In cylindrical silos 
Figure 1.1 
The remainder of the thesis is structured as follows: 
Chapter Two reviews the literature specific to CFD modelling and segregation. It 
discusses ACS and other segregation mechanisms occurring during the silo filling. 
Chapter Three sets out the experimental set up and procedures for tests conducted in 
the laboratory scaled equipment. Detailed information about the materials (alumina and 
sand) which were used in the air and water experiments is presented. 
The results from the LDV and PIV measurements, carried out in the experimental silo in 
Norway, are discussed in Chapter Four. Process parameters were varied and the effect 
on the particle air velocities was measured. 
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Two publicationsg form Chapter Five. The two papers show experimental results from 
tests where process parameters, such as the powder feeding rate and the air extraction 
rate, were varied. In addition, results of CFD simulations in Fluent are presented, where 
ACS was theoretically explored with parameters similar to the experiments. Results of 
the simulation are then compared with experimental data. 
Chapter Six describes the testing of the simplified three-group dimensional analysis, e. g. 
experiments in the water model. Results from experiments are discussed, where 
alumina powders from different suppliers were tested. In addition, the chapter shows 
the influence of the filling height on ACS. 
Chapter Seven concludes with a review of the most significant results and indicates 
further steps for future research work in the field. 
a) Air current segregation of alumina powder published in Particle & Particle Systems Characterisation 
b) Theoretical and Experimental Testing of a Scaling Rule for Air Current Segregation of Alumina 
Powder in Cylindrical Silos submitted for publication in Powder Technology 
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CHAPTER 2 
REVIEW OF PUBLISHED RESEARCH ON THE SEGREGATION 
OF GRANULAR MATERIAL DURING THE SILO FILLING 
2.1 INTRODUCTION 
The understanding of particle segregation during the silo filling process has expanded 
over the last few decades. The increasing knowledge about the complex interaction of 
segregation mechanisms results from numerous theoretical and experimental studies, 
conducted in recent years (Vallance et al., 1999 and Bridgwater, 1999). The following 
review indicates developments in the research community. The theoretical approach to 
study the segregation of particles is using software e. g. Fluent to simulate the particle- 
particle interaction applying the Eulerian approach and the interaction from particles 
with the surrounding fluid the Lagrangian approach. The literature review shows that 
very few experimental studies exist investigating air current segregation (ACS). To 
investigate a segregation phenomenon, such ACS in storage silos, the physics in 
granular materials during the silo filling process has to be understood. The segregation 
of powders is most likely to be found when particles have different properties such as 
size or shape. Particles with the same properties collect together in some part of the 
granular material mass (Williams, 1976). It is commonly accepted that free flowing 
material forms a cone shape pile on the ground and that the sloping sides of the pile are 
represented by the angle of repose (AOR) (Matthee, 1967). 
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To investigate ACS in silos, any interactions with other segregation mechanisms, such 
as sifting or rolling, have to be avoided in the experimental set up. A description of 
commonly recognised segregation mechanisms is given in section 2.5. So far, scientific 
evidence for the existence of ACS in storage silos is reported only in case studies 
conducted by various authors (Carruthers, 1987 and de Silva et al., 1991). These case 
studies indicate that ACS is the dominant mechanism of segregation in industrial 
alumina storage silos. To the author's knowledge, no results have been published 
which have quantified ACS in experiments. 
2.2 EULER-EULER APPROACH 
In the Eularian-Eularian model the two phases (i. e. the discrete and continuum phase) 
are mathematically treated as interpenetrating continua since the volume of one phase 
cannot be occupied by another. This introduces the concept of volume fractions which 
are continuous functions of space and time and their sum is equal to one. Mass, 
momentum and energy conservation equations are solved for each phase and an 
averaged flow field is obtained (Fluent). The Euler-Euler approach is appropriate when 
averaging covers the main physics of the flow and, therefore, this approach can be used 
for numerical studies of systems with a large number of particles where qualitative 
predictions are sufficient. The averaging of the conservation equation does not give 
detailed information about the collisions or trajectories of individual particles (Battistin, 
2007). The conservation equations are coupled to account for particle-particle collisions 
and gas particle drag based on the kinetic theory of granular flows (Gidaspow, 1994). 
The setting of particle properties (e. g. the particle size distribution) is not available as 
option in Fluent. This is one reason why the Euler-Euler approach is not appropriate for 
numerical studies of the segregation of powders with various particle sizes (Battistin, 
2007). 
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2.3 EULER-LAGRANGE APPROACH 
The Euler-Lagrange approach distinguishes between the fluid phase and particle/ 
discrete phase. In the Euler-Lagrange approach the fluid phase is treated as continuum 
by solving the Navier-Stokes equations in connection with the k-C turbulence model. In 
order to establish a two way coupling between the fluid phase and the discrete phase, a 
momentum source term has to be introduced into the Navier-Stokes equations. The 
discrete phase is solved by tracking a large number of particles and by solving their 
Newtonian equations of motion (Lain, 2002). The discrete phase can exchange mass, 
momentum and energy with the fluid phase. All relevant forces applied by the liquid on 
the particles must be accounted for. The particles are treated as point-like size and 
shape in the simulation and they enter the interaction terms only implicitly via the drag 
coefficient (Lain, 2002). Since the tracking of individual particles is computationally too 
expensive, the concept of parcels is introduced in Fluent. Parcels are collections of 
particles with similar particle properties. Parcels enter the geometry by injection points 
on the surface. The setting velocity of particles and their trajectories when moving 
through the fluid phase are recorded (Fluent). The advantage of the Euler-Lagrange 
approach is the possibility to classify particles by their particle size and also to estimate 
the mass of the discrete phase in certain areas of the geometry. The limitations of the 
Euler-Lagrange approach are the missing particle-particle interaction (i. e. particle 
collisions) and the effect of the volume fraction on the fluid phase are not considered. 
The volume fraction of the discrete phase should rather be below 10 percent because 
the drag force is calculated for a single particle rather than for the hindered settling of 
particles (Fluent). 
2.4 DISCRETE PHASE MODEL 
The discrete phase model follows the Euler-Lagrange approach and it allows simulating 
the granular phase in a Lagrangian frame of reference. The granular phase consists of 
spheres to represent the particles and Fluent computes the trajectories of these discrete 
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phase entities. The trajectories are calculated by using a Lagrangian formulation which 
includes the discrete phase inertia, hydrodynamic drag and the force of gravity. Further, 
prediction of the effect of turbulent motion of particles is given by the creation of eddies 
in the discrete phase. It is possible to couple the continuous flow field prediction to the 
discrete phase calculations (Fluent). The discrete phase model can be applied for 
simulating particle segregation or for classifying particles. Further applications are 
spray drying, aerosol dispersion and bubble stirring of liquids. The advantage of the 
discrete phase model is that the particles can be injected with a specified velocity 
relative to the frame of reference in which the particles are tracked. One limitation of 
the discrete phase model is that the position of the surface injection will not be moved 
with the grid when a sliding mesh is chosen. Another limitation is that the particle cloud 
tracking is not available in the unsteady simulation (Fluent). 
Particle force balance 
The main forces acting on a single particle are the gravitational force and the drag force. 
The particle trajectories are calculated by stepwise integration. The integration of 
equation (2.1) gives the particle velocity at each point along the trajectory (Wang, 2001). 
Next, the particle mass is calculated. The fluid phase is treated as a continuum and is 
calculated by time averaging the Navier-Stokes equations. For the discrete (particle) 
phase, a large number of particles are tracked while passing the calculated flow field 
(Habib et al., 2005). The particle phase can exchange momentum, mass, and energy 
with the continuous (fluid) phase. Taking the main hydrodynamic forces into 
consideration, the particle equation of motion can be written as (Habib et al., 2005): 
p 
D(-. 
--. )+ g(P, -+-. 
(2.1) du 
F, 
dt 
=u9-up 
pp 
og 
Fother 
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Here, up is the particle velocity vector and u, is the fluid phase velocity vector, t is the 
time, g the gravity vector, pg is the fluid density, and pp the particle density. F(other) are 
other forces acting on the particles (e. g. "virtual" mass force, the lift force and the 
Basset history force). FD is the drag force per unit particle mass and is defined as: 
FD 18, u CDRep 
ppd' 24 p 
(2.2) 
where p is the dynamic viscosity of the fluid phase. The Reynolds number used in 
equation (2.2) is obtained from equation (2.3): 
P dpl 
--0- -+ I 
9 UP ug (2.3) 
Rep = 
lu 
The friction factor CD from equation (2.2) is calculated from equation (2.4): 
CD= a, +aI+ 212- 2 (2.4) Rep Rep 
where the as are constants for smooth particles (Morsi et al., 1972). 
For the full set of equations solved in Fluent please see Appendix B5. 
Solving the trajectory equation 
The coupling between the continuous and discrete phases is realised by the momentum 
transfer between continuous phase and discrete phase and is calculated by estimating 
the change in momentum of a particle as it passes each control volume. The change of 
the particle momentum is calculated by using equation (2.5) (Wang, 2001): 
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-=y 18pCD Rep 
(, 
-. (2.5) Fp 
, 24ppdp' 
Up-ug +Fother]ýnPAt 
where 
; 
np is the mass flow rate of the particles. 
2.5 SEGREGATION MECHANISMS 
The separation of powder mixtures in storage silos is caused by a complex interaction 
of segregation mechanisms during the silo filling (Matthee, 1967). The segregation 
mechanisms, which dominate the segregation of granular material, are defined by the 
physical properties of powder and the handling method of material (Dyroey, 2006). 
Salter (1997) pointed out that the method of charging a storage silo influences the 
degree of segregation and the mechanism which dominates the segregation pattern. 
Matthee (1967) indicated that for centrally filled silos, a common segregation pattern 
occurs, i. e. a core of fine material is collected in the centre and coarser material at the 
outside wall of the silo. This is true as long as no ACS takes place in the silo. Salter 
(1999) mentioned the pneumatic charging of fine sized material into bins as one 
example where the common segregation pattern is inversed and fine material 
accumulates near the wall. A general overview of known segregation mechanisms is given 
by Dyroey (2006) and a helpful diagram (from his work) is reproduced in Figure 2.1. Various 
authors (Richardson, 1966; Carson et al., 1986 and Dyroey et al., 2000) have described 
air current segregation. Another mechanism, trajectory segregation, was mentioned by 
Jenike (1960), Carson et al. (1986) and Williams (1990). Several experimental 
researchers, e. g. Matthee (1967), Bridgwater (1999) and Shinohara et al. (2002) have 
focused their research mainly on the investigation of the segregation mechanisms in a 
powder heap, which is formed during the silo filling. Each segregation mechanism is 
discussed below. 
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[Air 
urrent Trajectory 
Segregatioi Segregation 
Overview of segregation mechanisms of granular materials (adapted from Dyroey, 2006) 
Figure 2.1 
2.5.1 Air current segregation 
2.5.1.1 General description of the ACS mechanism 
Richardson (1966) claimed that during the silo filling the falling particle jet creates 
circulating (secondary) air currents in the silo. As the particle size is reduced, the 
particle motion becomes increasingly dependent upon the surrounding fluid, as 
illustrated in Figure 2.2. Therefore, fines (particles smaller than 42 microns) circulate 
with the secondary air currents away from the central filling point towards the silo wall 
(Johanson, 1987). Air is then displaced upwards and the entrained fine particles remain 
in suspension in a cloud. As the air moves towards larger radii it loses velocity and finer 
particles are deposited near the silo wall. When the air reaches the top of the silo, it will 
be re-entrained into the particle jet (Carruthers, 1987). Various authors use different 
terms for this segregation mechanism, e. g. "air entrainment segregation" (Carson et al., 
1986; Johanson, 1987 and Arnold, 2001) and "air current segregation" (Dyroey et al., 
2000). In this work, the term air current segregation (ACS) is used. 
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Dusty air -ýl 
extraction 
Air current segregation mechanism in a centrally filled silo 
induced by circulating airflows 
Figure 2.2 
When fine material is discharged from the hopper uncontrolled fluidisation of fines, 
which accumulated near the silo wall, can occur (Johanson, 1987). As a result, flooding 
can be observed when fines are suddenly discharged from a hopper. The 
consequences are the increase of the powder flow rate because the aerated material 
shows a flow behaviour similar to liquids (Rathbone, 1987). Rathbone (1987) further 
suggested that the material is aerated due to the collapse of a rat hole in a silo or by 
material sloughing off the top surface into a rat hole. Flooding can occur as long as 
material remains aerated. The aeration of material depends on the deaeration time. 
The deaeration time increases with decreasing particle size. Fine particles stay aerated 
a considerable time because the pore fluid cannot be expelled so rapidly. 
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2.5.1.2 Theoretical concept of air current segregation 
The exploration of ACS in silos requires a general understanding of the physics 
separating fines from the main particle stream. Cooper et al. (1995) investigated the 
separation of fines from the main particle jet to explore the entrainment of air in the 
powder stream and the generation of dust in a silo. A more detailed description of the 
experiments conducted by Cooper and co-workers is given below. 
The work of Cooper and co-workers (Cooper et al., 1995) 
A test rig was constructed to vary parameters such as the powder drop height and the 
mass flow rate of powder into the silo. A glass walled enclosure was used as a base. 
The hopper on top of the enclosure generated the particle jet. Alumina powder was fed 
into the experimental apparatus. Air was extracted from the enclosure and the dust 
concentration in the air was measured. The particle stream settling in the silo was 
observed. One observation was that the air and bulk material flow seemed somehow 
"laminar" near the hopper outlet. Another observation was that a layer of dust laden air 
built up near the core region of the bulk stream which expanded towards the enclosure 
bottom. The experiments provided evidence that with increasing drop height the 
particle concentration in the air increased. It was found that fines with a particle size 
between 0.5 and 10 microns were significantly contributing to the generation of dust in 
the experimental apparatus. In addition, results revealed that the air entrainment in the 
particle stream was a function of the powder mass flow rate. With increasing powder 
mass flow rate into the apparatus, the amount of air that was entrained into the powder 
stream, decreased. This was explained by the fact that an increasing material stream 
increased the cross section of the particle jet. Therefore, the particles in the core of the 
powder jet had little interaction with the surrounding ambient air. Cooper et al. (1995) 
suggested two distinct mechanisms by which dust is liberated: first, the free fall of 
material into the silo; and second, the dust liberation during the impact of the material 
stream on the stockpile (impact segregation is explained in section 2.5.5). An 
illustration of the two mechanisms is given in Figure 2.3: 
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Powder heap 
Particle stream 
Air with fines...... 
Air entrainment in the powder jet and dust generation during bulk handling 
Figure 2.3 
Hopper with 
a cylindrical opening 
irticle veloc 
- profiles . 
Plume of dusty air 
Free failing particle jet shown as a compact jet and as a plume of dusty air 
Figure 2.4 
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To simplify the description of the particle stream during gravity free fall, Cooper et al. 
(1995) recommended characterising the particle jet by the two extremes, which are 
shown in Figure 2.4. For large particles, the fall into the silo is vertically under the 
influence of gravity. Forces such as the drag force were neglected because the particle 
stream was quite compact and only the particles at the edge of the jet were exposed to 
the full air drag. Fine powders with little cohesion settled in the silo as a cloud of dusty 
air (plume). This characteristic of the jet suggested that single particles were more 
exposed to air drag. Particles could easily be entrained in circulating air currents 
(Cooper et al., 1995). Therefore, less air was entrained in a compact particle jet than in 
a dilute particle jet. 
2.5.2 Trajectory segregation 
Trajectory segregation is encountered when feeding particles into vessels using a 
conveyor belt (Williams, 1990). Different sized particles become separated because of 
their different resistance to the air drag (Chowhan, 1995). Trajectory segregation 
causes smaller particles to settle closer to the discharge point than coarser particles 
because the air drag slows down smaller particles faster than larger (Mosby, 1996). 
Williams (1976) pointed out that two times larger particles in a mixture would travel four 
times as far because of Stoke's law where the diameter of the particle is squared. 
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Trajectory segregation of different sized particles 
Figure 2.5 
2.5.3 Rolling segregation 
Brown (1939) claimed that the rolling of particles down a conical heap is a surface 
phenomenon. Brown (1939) defined the heap surface as a rough plane of which the 
scale of roughness is smaller than the largest particle diameters. The roughness is a 
measure of the resistance that a particle in motion experiences. Therefore, the kinetic 
energy of the particle must be high enough to overcome the roughness of the plane. 
Matthee (1967) indicated that larger particles tend to roll longer distances away from the 
apex of the heap because the friction against rolling is higher for smaller particles than 
for larger particles. As a result, a higher concentration of larger particles can be 
measured near the silo wall, as illustrated in Figure 2.6. Mosby (1996) pointed out that 
rolling is important for particles of different size and shape. He said that rolling is most 
prevalent if the material is poured slowly into the storage silo and particles behave as 
single entities. 
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Apparatus wall 
Direction of particle movement 
. 400000 
Heap surface 
Rolling segregation of different sized particles 
Figure 2.6 
2.5.4 Sieving segregation 
Sieving segregation causes fines to concentrate in the centre of the heap and coarser 
particles near the wall. Carson et al. (1986) stated four conditions that must be present 
in order for this mechanism to occur: 
1. a difference in particle size 
2. a sufficiently large mean diameter 
3. free flowing material 
4. interparticle motion. 
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If one of the four parameters is missing, it is unlikely that sieving segregation occurs 
(Carson et al., 1986). When a mixture of small and big particles is rolling or sliding 
down a heap, the fine particles tend to sieve through the bigger particles (Shinohara et 
al., 2002). The sieving mechanism is shown in Figure 2.7: 
Direction of particle 
movement 
(moving layer) 
Heap surface 
(static layer 
of particles) 
Sieving segregation of different sized particles 
Figure 2.7 
2.5.5 Impact segregation 
While Brown (1939) proposed that the segregation of powders is caused by the collision 
of different sized particles, Mosby (1996) claimed that the impact segregation effect is 
closely related to the push away effect (section 2.5.6). Mosby (1996) explained further 
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that dynamic effects occur because particles gain kinetic energy when they strike each 
other. Large particles are less affected, whereas small particles spread slightly further 
than coarser particles. During the silo filling, a heap is formed and particles with a 
higher coefficient of restitution bounce further away from the point where the particle jet 
impacts the heap surface (Dyroey, 2006). Impact segregation is illustrated in Figure 2.8: 
Central particle jet 
Particles with high 
coefficient of restitution 
bounce further away 
/ 
Impact segregation of particles on a powder heap 
Figure 2.8 
2.5.6 Push away segregation 
Mosby (1996) claimed that a particle mixture with different particle densities segregates 
because heavy particles push away lighter ones when they hit the heap surface. Thus, 
particles with higher density concentrate in the centre of the heap, as shown in 
Figure 2.9, 
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Push away segregation in a powder heap 
Figure 2.9 
2.5.7 Angle of repose effect 
The AOR is related to the internal friction of the material and is influenced by shear and 
normal stresses (Baxter, 1998). When pouring different materials sequentially onto a 
heap, the material with the lower angle of repose (AOR) will flow over the material with 
the higher AOR towards the edge of the heap (Dyroey, 2006). Particle size and shape 
influence the AOR. Fine particles, which tend to be cohesive, are more likely to have a 
higher AOR (Teunou et al., 1995). 
24 
CHAPTER2. LITERATURE REVIEW 
2.5.8 Fluidisation segregation 
Carson et al. (1986) pointed out that fine particles have a lower permeability than 
coarse particles and tend to be longer retained in air. Johanson (1987) stated that 
when feeding a mixture of coarse and very fine material into a silo, the fines stay 
fluidised on the surface of a heap and coarser particles fall through the fluidised layer of 
fines as shown in Figure 2.10. 
Air Pytr; irfion 
FILlidised powder 
on the heap surface 
Central 
powder 
filling 
I 
Fluidisation segregation of different sized particles 
Figure 2.10 
Mosby (1996) claimed that fluidised fine material could slide down the heap towards the 
silo walls. If the silo is filled centrally, this is the only segregation mechanism apart from 
ACS that takes fine particles to the silo wall. All other segregation mechanisms tend to 
accumulate the fines in the middle of the silo. 
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2.6 PARTICLE SEGREGATION DURING THE SILO FILLING 
Powder segregation during silo filling was discussed by Brown (1939), who pointed out 
that a failing stream of fine coal (dust) spread slightly, owing to the collision between the 
particles. In Brown's study, the powder stream stretched equally in all directions 
because the collision of particles took place in any position in the particle stream. A 
small particle striking a large particle was either brought to rest or received a larger 
horizontal velocity. Therefore, there was a tendency for small particles to spread 
slightly further than coarser particles. Brown (1939) claimed that a free failing stream of 
coal centrally poured into a silo did not segregate significantly. Jenike (1960) stated 
that during the particle free fall, two forces act upon the particles: gravity force and air 
resistance to the particle motion. When these two forces are balanced, particles settle 
with their terminal velocity towards the silo bottom. The particle size and shape 
influence the terminal velocity of the particles. Jenike (1960) also claimed that no 
significant segregation occurs during central silo filling with free flowing powder because 
the terminal velocities of the particles are different but their trajectories are the same. 
Matthee (1967) investigated the segregation of particles in a powder heap theoretically 
and experimentally. Matthee (1967) aimed to find a mathematical formulation to 
describe the complex bulk behaviour of segregating particles in a powder heap. He 
pointed out that it is very difficult to find an exact mathematical formula that describes 
the relationship between factors such as particle properties (size and shape), the flow 
ability of material, and the silo dimensions (silo height and silo diameter). To describe 
segregation in silos, he suggested using dimensional analysis, although without 
clarifying the dimensionless groups. Bridgwater (1999) presented seven dimensionless 
groups that describe the percolation velocity of particles in a powder heap. Working 
with seven dimensionless groups is difficult. Therefore, Bridgwater (1999) suggested 
simplifying the seven-group dimensional analysis by removing non-relevant groups. He 
proposed alternatively using computer-based modelling techniques. Since the 
dimensional analysis was applied successfully to other segregation mechanisms 
(Bridgwater, 1999), it was decided to use the dimensional analysis as a theoretical 
framework for this research. 
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2.7 PARAMETERS AFFECTING THE SEGREGATION OF FREE FLOWING 
POWDERS 
Chowhan (1995) stated that free flowing material has a high degree of mobility in 
contrast to cohesive powders, where interparticle forces, such as van der Waals, 
electrostatic and hydrogen bonding forces, reduce the flowability of powder. Various 
researchers (e. g. Willian1s, 1990, Chowhan, 1995 and Shinohara et al., 2002) agree 
that the most relevant parameters for the segregation of free flowing particles are: 
* Particle size and particle size distribution of the mixing components 
* Density and density distribution of the particles 
9 Shape and shape distribution of the particles 
" Surface roughness of the particles 
" Moisture, which alters the coefficient of friction between particles 
" Differences in resilience of the particles 
" Shape and surface of the silo 
" Powder feeding rate 
" Powder filling height 
Most investigators (Matthee, 1967 and Arnold, 2001) see particle size and particle size 
distribution as the most significant parameters for the segregation of particles. Another 
important process parameter is the powder feeding rate (Shinohara et al., 2002). This 
was shown by (Shinohara et al., 2002) in experiments where a two-dimensional (21)) 
rectangular vessel was filled with a multi-component mixture. Samples were taken at 
different positions of the heap. Shinohara et al. (2002) concluded from the experiments 
that an increasing feeding rate reduces the segregation of the mixture in the powder 
heap. Carruthers (1987) pointed out that the silo geometry, such as the silo height, can 
influence the degree of ACS in the silo. 
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Carruthers (1987) argued further that the build up of static electricity in the settling 
alumina stream could play a significant role causing the fines to migrate towards the silo 
wall. The aspect of electrostatic charging of alumina powder during free fall into a 
container was investigated by Ose (2003). He conducted experiments in an 
electrostatic deflection apparatus where alumina powder was fluidised in the bottom of 
the apparatus. The deflection apparatus contained two plain electrodes, which were 
connected to a high voltage supply. An electric field was created. When dust particles 
were entrained in the air, they were subjected to the electrostatic field and deflected 
according to their electric charge. Positively charged particles were deflected to the 
negative electrode and vice versa. One finding of these experiments was that the 
charge of the dust was more or less neutral for most of the alumina samples. The 
investigations carried out by Ose (2003) showed that Carruthers (1987) assumption that 
electrostatic forces bring the fines to the silo wall could not be supported by 
experimental evidence. Therefore, it was concluded for the current work that 
electrostatic charging of particles is not a highly relevant parameter for ACS in silos and, 
thus, not included in the dimensional analysis. 
2.8 SEGREGATION INDEX FOR EXPERIMENTAL INVESTIGATIONS 
To measure changes of ACS due to parameter variations in the experimental set up, a 
segregation index is needed which incorporates both the total mass of segregated 
powder and the mass fraction of fines. 
Harris et al. (1970) tested segregation in a core flow hopper which was filled from a 
central pour point. The particle mixture fed to the silo segregated and the material was 
then discharged into a box. The material build up in the box formed a heap and four 
samples were taken from this powder mass. Harris et al. (1970) defined the degree of 
segregation where the percentage of one component in the four samples is proportional 
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to the factors aI to 4. When the sum of a, to a4 is formed the value of 100 should be 
obtained, as shown in equation (2.6): 
(2.6) Is =1 la - 251 
n-1 
The segregation index Is varies from 0 (when all samples have the same composition to 
150 (when only one component is contained in the sample. Sugimoto et al. (1973) set 
up an experiment in which particles were allowed to move down a vertical channel of 
vertical cross section. Tracer particles were mixed into the powder bed and the effect of 
particle size and density on segregation was explored. The displacement of tracer 
particles was analysed and it was found that a good fit with equation (2.7) was obtained: 
XT 
= 0.8 -CT- +1.2 
Ds 
n, 
(2.7) 
XB 
(, )i 
where XT is displacement of tracer particles and XB is displacement of bed particles, D13 
is the diameter of the bed particles and DT is the diameter of the tracer particles, nf is a 
factor which is one for tracer particles smaller than the bed particles and two when the 
tracer particles are larger than the bed particles, pBis the density of the bed and pr pB is 
the density of the tracer particles. Sugimoto et al. (1973) could show that permeation 
did occur because of the rearrangement of the particles. Williams (1990) suggested a 
segregation index based on the analysis of the composition of a binary mixture by 
determining the proportion of the components in the samples. Williams (1990) 
distinguished between perfect mixtures, random mixtures and segregated mixfures. A 
mixture with two types of particles is perfectly mixed when samples taken in any 
position in the mixture have the same composition. In practice, perfect mixtures cannot 
be achieved. Thus, a random mixture would be preferable, in which the probability to 
find a particle of any component is the same in all position. 
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In cases where important physical properties of the particles are different, segregation 
may occur in the mixture and the probability of finding particles with the same properties 
in one part of the blend is increased. A random mixture cannot be achieved. The 
standard deviation of the composition of the samples taken from the mixture could be 
used to quantify its segregation. Thus, a low standard deviation indicates a good mixing. 
The value of the standard deviation Sd is calculated by using equation (2.8) 
Sd 2 (y 
1 -Y)2 
(2.8) 
The value of the standard deviation Sd is only an estimate because different sets of 
samples can result in different estimated values. The values for y could be the mass 
fraction of smaller particles. However, Shinohara et al. (2002) claimed that this type of 
segregation index can only be applied to binary mixtures. Shinohara et al. (2002) argue 
that for multi-component mixtures it is not always possible to define adequately the key 
segregation component. Therefore, the segregation index cannot be used for multi- 
component mixtures. Shinohara et al. (2002) suggested using a graphical qualitative 
method to estimate the degree of segregation for multi-component mixtures in a heap. 
It appears that the segregation index proposed by Shinohara et al. (2002) could not be 
applied for this research. Since there was no appropriate segregation index in the 
literature that could be used for measuring ACS in the experiments, it was decided to 
develop a new segregation index. 
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CHAPTER 3 
EXPERIMENTAL SET UP AND PROCEDURES 
In order to test the simplified three-group dimensional analysis, the chapter gives 
information about procedures and materials used in laboratory scaled equipment. It 
provides details about the Sympatec (Helos) unit, which was used to analyse the 
particle size of alumina powder. In addition, it describes the Laser Doppler Velocimetry 
(LDV) and the Particle Image Velocimetry (PIV) techniques applied to measure the 
particle velocities in the Norwegian experimental silo. 
3.1 EXPERIMENTAL SET UP IN NORWAY 
A cylindrical silo was designed and manufactured in Norway to measure the particle 
velocities with Laser Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV). 
The experimental silo in Norway was assembled using a cylindrical section and a top 
and bottom segment. The cylinder section was built from a polycarbonate sheet. Its 
wall thickness was 0.025 m to keep the weight of the apparatus low. The silo was 
operated below atmospheric pressure because air was extracted from the apparatus. A 
calculation in equation (3.1) was performed to show that the chosen wall thickness was 
sufficient to avoid the buckling of the cylinder wall. Buckling is the deformation of the 
cylinder wall caused by a pressure difference between the cylinder and the ambient air 
(Beitz, 1997). 
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where P, is the buckling pressure difference in bar, n is the number of lobes (calculation 
of equation (3.1) with two lobes) ,u is the Poisson ratio, E,,, is the Young's Modulus, tw 
is the wall thickness, L is the length of the cylinder and D, ut is the outer diameter. The 
polycarbonate sheet was bent into a cylinder and the long edges of the plastic sheet 
were fixed with bolts to a longitudinal sealing strip as shown in Figure 3.1. 
Bent plastic sheet bolted together 
Figure 3.1 
The dimensions of the experimental silo were geometrically similar to an industrial 
alumina storage silo in Germany. The scaling factor between the two silos was 25. The 
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industrial silo was around 30 m in height and around 10 m in diameter. Thus, an 
experimental silo with a cylinder height of 1.2 m and a diameter of around 0.3 m was 
manufactured. The cylinder was fixed with industrial tape between a top and a bottom 
plate that gave additional structural support to the apparatus. The top plate had five 
openings to pour powder into the silo and to extract air (Figure 3.2): 
0 
kl) 
Silo top plate with one central opening for material feeding and four openings for 
connecting the air extraction tubes 
Figure 3.2 
Preliminary tests had shown that most of the material accumulated in the centre of the 
silo. Therefore, the silo bottom, which was equipped with eight compartments, had a 
larger centre compartment. The set up of the experiment is illustrated in Figure 3.3. To 
allow the discharge of the material from the compartments for further particle size 
analysis the pots were sealed with removable caps. 
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Experimental set up of the preliminary study in Norway 
Figure 3.3 
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Different arrangements (set up A-C) of the air extraction system and the feeder position 
were used to investigate ACS. These are explained below. The air was extracted with 
a vacuum unit and the airflow rate was measured in all experiments with an electronic 
flow meter (Top Trak/ Model 826 from the company Sierra Instruments Inc. ). The 
measurement range of the flow meter was up to 100 11min with an accuracy of ± 1.5 
I/min. The airflow rate was controlled by a ball valve, which was placed between the air 
extractor and the silo. 
Set up A: Central silo filling and indirect airflow rate measurements 
Alumina was fed centrally into the silo as shown in Figure 3.3. The air was extracted 
from the silo by connecting two flexible tubes to the laboratory vacuum line as shown in 
set up A of Figure 3.4. The two pipes were cut at a similar length to obtain the same 
airflow rate in each tube. The other two openings on the silo top plate were closed 
during the experiments. More details about the airflow rate measurement can be found 
in Appendix Al. 
Set up B: Central silo filling with alumina powder and direct aifflow rate 
measurements 
In this experimental set up, powder was fed centrally into the silo. Two tubes connected 
the air extractor with the experimental silo, as shown in set up B, Figure 3.4. The flow 
meter was positioned between the silo and the air extractor. 
Set up C: Off-centre silo filling and indirect flow rate measurements 
Alumina was poured from an off-centre pour point into the silo. One air extraction tube 
was connected to the central hole in the silo, as shown in set up C, Figure 3.4. 
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Three different arrangements of the air extraction system during 
the preliminary experiments In Norway 
Figure 3.4 
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3.2 APPARATUS FOR THE MAIN EXPERIMENTAL INVESTIGATION IN ENGLAND 
To design the main experimental silo in England, the experiences from the preliminary 
experiments in Norway (section 3.1) were considered. Thus, the set up of the air 
extraction system on the silo top plate was modified to enable a better control of the air 
extraction rate as follows: 
(1) four flow meters (MR 3000) with a range of 1- 30 llminý and an accuracy of ±4 
percent were mounted equally spaced on the silo top plate (one flow meter for 
each air extraction pipe) 
(2) the air flow through each of the four flow meters was controlled by a needle valve 
on the flow meter 
(3) the fine particles that were carried by the extracted air were collected in a filter 
which was placed between the flow meters and the vacuum system 
The air extraction was achieved by connecting the apparatus to the department vacuum 
system at minus 0.03 bar. The valves of the four flow meters were set to obtain the 
same airflow from each air extraction port. The value was displayed directly on the flow 
meter scale. The schematic diagram is given in Figure 3.5. 
ý1 I/min around 1.6 x10-5 m3/s 
37 
CHAPTER3: EXPERIMENTAL SETUP AND PROCEDURES 
Vacuum pump 
Filter box for 
collecting 
dust from air 
suction system 
Powder feeding 
hopper 
Four flow meters 
with control valve 
Cylindrical silo 
with 19 compartments 
in the silo bottom 
Experimental cylindrical silo in England 
Figure 3.5 
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In the silo bottom, 19 compartments were placed in two rings around the centre 
compartment, as shown in Figure 3.6- 
Silo bottom plate with a funnel placed in one of the six positions in the middle ring; 
twelve pots were positioned in the outside ring and one in the centre of the bottom plate 
Figure 3.6 
Twelve compartments were placed equidistant along the outside ring and six pots were 
arranged in the middle ring. The diameter of the eighteen compartments was around 
0.06 m, as shown in Figure 3.7. One compartment with a diameter of 0.09 m was 
placed in the centre of the silo bottom. The top opening of the compartments was lifted 
up 0.05 m above the silo bottom plate, as shown in Figure 3.6. The set up of the 
compartments allowed to accumulate only material which was carried by the air currents. 
Material that settled between the pots was not used for further particle size analysis. In 
the bottom of the compartments, an opening of 0.01 m allowed the complete withdrawal 
of material from the pots. Material, which settled between the compartments, was 
removed from the silo bottom plate. This was realised by blocked holes in the silo 
bottom, which could be opened for cleaning purposes. 
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Figure 3.7 
The experimental silo built in England was similar in size to the Norwegian silo. The silo 
height was variable but for most of the experiments it was 1.2 m and the inner diameter 
was 0.38 m. To be able to vary the silo height it was decided to build four segments, as 
shown in Figure 3.8. Each segment was 0.4 m in height and 0.38 m in diameter. The 
cylinder was built from a polycarbonate sheet that was bent and bolted with a sealing 
strip (as described in section 3.1). Each segment had an upper and a lower plate, 
which were made of PVC and had a central hole with the same diameter as the cylinder. 
The thickness of each plate was 0.01 m. The segments can be assembled with respect 
to the required height needed for the experiments. A PVC plate was attached to the top 
segment, where the powder feeding hopper as well as the four flow meters were 
installed. 
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One segment of the main experimental silo with a height of 0.4 m 
and a diameter of 0.38 m 
Figure 3.8 
3.2.1 Hopper design 
The plastic hopper used for the experiments was placed in the centre of the silo top 
plate. The hopper had a complex but almost conical shape, as shown in Figure 3.9. 
The included half-angle of the conical section is 390. All material could be discharged 
from the hopper. The hopper was approximately 0.28 m in height and 0.22 m in 
diameter. 
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Filling hopper placed above the experimental silo with a flat section at the base which 
allows the attachment of plates with different hole sizes 
Figure 3.9 
3.2.2 Flow reduction plate design 
Metal plates with four different orifice diameters were used to vary the particle flow rate 
in the experiments. The plates were screwed directly to the platform under the hopper, 
and the plates were 0.1 m by 0.035 m with a thickness of jX10-3 m. Two different types 
of plates were used: the plates with one central hole created a dense particle jet and the 
plates with seven openings formed a more dilute particle jet. The two types of plates 
are shown in Figure 3.10 and Figure 3.11. The plates with the seven holes were used 
because the industrial silo was fed with alumina via air slides and, thus, the particle jet 
entered the storage silo in a very dilute phase. The distance between the seven holes 
in the plates was increased along with the hole diameter. 
To estimate the powder flow rate for each flow reduction plate, the hopper (section 3.2.1) 
was completely filled with alumina powder and material ran for one minute into a beaker. 
Finally, the mass of material in the beaker was weighed. This procedure was repeated 
three times for each plate. The standard error was estimated for each flow rate. Details 
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for the calculation of the standard error can be found in Appendix A2. Results are 
shown in Table 3.1 -. 
Hole diameter in Measured flow rate 
plate [mm] [kglmin] 
2.5 ±0.1 0.056 0.055 0.056 
6.0 ±0.1 0.245 0.241 0.233 
9.5 ±0.1 0.725 0.756 0.765 
11.2 ±0.1 1.35 1.35 1.38 
Standard error for 
the measured flow 
rates 
1.53E-04 
6.11 E-03 
2.1 OE-2 
1.73E-02 
Calibration of different flow reduction plates with one opening 
Table 3.1 
Metal flow reduction plate with one central opening 
Figure 3.10 
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Metal flow reduction plate with seven equally sized openings 
Figure 3.11 
3.2.3 Experimental uncertainties 
Flow reduction plates 
Since the holes in the flow reduction plate were manufactured with a stand drilling 
machine, caution was required to avoid any restrictions such as burrs, which could 
destruct the granular flow. 
Loss of fines during the experimental process 
The amount of fines, falling into the compartments was reduced during the silo filling 
procedure by different means. 
(1) Electrostatic charging 
(2) Removing of fines with the air extraction 
(3) Settling of particles between the compartments. 
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Electrostatic charging of alumina particles may occur during the silo filling (Ose, 2003). 
As a result, powder adhesion can be observed on the silo wall. To avoid the 
electrostatic charging of the silo wall, a metal wire connected the silo wall with the 
laboratory floor. This method proved effective to prevent powder adhesion because 
only a minute mass of material was attached to the silo wall during the experimental 
investigations. 
A filter was installed behind the flow meters to catch all fines from the exhausted air. 
Thus, the amount of fine particles, which were removed by the air extraction from the 
silo, could be measured. It was noticed that during the experiments only a small particle 
mass was extracted from the experimental silo. The amount of extracted fines was not 
significant for the total mass balance. Another uncertainty was the accumulation of 
material between the compartments in the silo bottom. The free surface area (the 
space between the compartments) was around 40 % and the material settling between 
the compartments could not be used for further measurements, e. g. for estimating the 
segregation index. Thus, only alumina powder accumulating in the 19 compartments 
was analysed. 
Particle size analysis of alumina powder 
It was difficult to measure the correct value for the fines fraction in the alumina poured 
into the silo because only three samples (around 0.02 kg) were taken from the whole 
batch of material for each experimental run. The whole batch had a mass of around 
30 kg of alumina powder. The measurements of the fines fraction in the feed gave only 
an estimate of the real value and this could lead to an ambiguous value for the 
segregation index. Therefore, the value of the content of fines in the feed (CL) was re- 
calculated based on equation (3.2): 
(c, - mi) CL 
ML 
(3.2) 
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where ci is the fines fraction in compartment i, Mi is the powder mass in compartment i 
and ML is the total material mass that accumulated in all compartments. 
Segregation of material during the sample handling 
As the material could have segregated after discharge from the silo compartments due 
to the handling and preparation of the samples for the particle size analysis, either all 
material from one compartment was used for the particle size analysis or at least three 
separate samples were analysed and averaged. 
3.2.4 Characterisation of alumina powder 
Alumina (A1203) is produced in most cases from bauxite. It is a white, crystalline and 
highly porous powder. Alumina is free flowing and manufactured by the Bayer process. 
Alumina powder normally has a fines fraction (sub 42 micron particles) of less than 
10 percent. However, for poor qualities of alumina the fines fraction can be as high as 
20 percent. The content of fines in alumina varies slightly between different suppliers. 
The process parameters in the Bayer process and furthermore, the attrition of alumina 
in the subsequent handling can alter the content of fines (Ose et al., 2003). 
Three dissimilar alumina powders from different suppliers were used for the 
experimental investigations to test the impact of fines on the segregation index. In all 
three alumina powders, the maximum particle size measured was below 250 pm. The 
fines content, the bulk density and the flowability of the three alumina powders are given 
in Table 3.2. Alumina (type H) was the most commonly used alumina in the research. 
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Alumina Fines fraction [%] Bulk density Flowability of the 
below 42 microns 
[kg/m3j powder 
Type A around 22 around 900 slightly cohesive 
Type E around 22 around 800 free flowing 
Type H around 7 around 1000 free flowing 
Similarities and differences between the three alumina powders used in the experiments 
Table 3.2 
The mass fraction of fines of the three different alumina powders was estimated with the 
Sympatec/ Rodos unit (section 3.3.4.2) is shown in Figure 3.12: 
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Comparing the mass fraction of fines of alumina powder from different suppliers 
Figure 3.12 
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As shown in Figure 3.12, alumina (type E) and (type A) have a significantly higher fines 
fraction than alumina (type H). Furthermore, it can be seen that in alumina (type A) the 
content of fine particles below 30 microns was even higher than in alumina (type E). 
The type A material was slightly more cohesive than the other two alumina powders 
(type E and type H), see Appendix A3 for further details on the cohesion test of alumina 
(type A). 
Experiments also showed that the alumina (type A) did not flow out freely from the 
compartments and the material was forced out of the pots by frequently knocking with a 
small hammer on the compartments. 
3.2.4.1 Characterisation of alumina powder (type H) 
Specific surface area of the alumina powder 
The morphological structure of alumina can be described by using the BET method 
named by its creators Brunauer, Emmett and Teller (Brunauer et al., 1940). The BET 
method gives information on the specific surface area of alumina particles. The 
measurement of the specific surface area was realised by BET nitrogen adsorption with 
the Apparatus: Coulter SA 3100. The value obtained for the alumina powder (type H) 
was around 61.4 M2/g . This value for the surface area of alumina particl 
I es is an 
indicator of a high porosity of the powder. A similar value for the specific surface area 
was reported by Ose et al. (2003). More details about the BET measurements can be 
found in Appendix C1. 
Particle density of the alumina powder 
The value of the chemical elemental density of alumina particles is around 3950 kg/M3. 
The particle density varies because of internal pores in the alumina particles. The 
particle density was estimated with the displacement method, as described by Richard 
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et al. (2007). Alumina powder was added to a defined volume of liquid and displaced a 
certain amount of it. Knowing the density of the liquid, the masses of the added alumina 
and the displaced liquid allowed the calculation of the density of alumina powder. It was 
not possible to use water for the displacement method because water fills the micro 
pores of particles. Thus, vegetable oil was chosen because it does not wet the alumina 
particles. The density of vegetable oil is around 920 k g/M3. 
The calculated alumina particle density was 2100 kg/M3 and, thus, well within the range 
of values of 1500 and 2800 kg /M3 quoted by the alumina industry (Tweten, 2007). 
Surface texture of alumina particles 
The micro porosity of alumina suggests that the surface of the particles is very uneven. 
To illustrate the texture of individual alumina particles, scanning electron microscopy 
(SEM), was used (Figure 3.13). More details are given in Appendix C2. 
Texture of alumina particles visualised with SEM 
Figure 3.13 
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Because of the uneven texture, it is possible for small dust particles to stick to the 
surface of alumina particles. During the gravity free fall of material into the silo, very 
fine particles can degrade from the alumina particle agglomerates when mechanical and 
hydraulic forces, such as the drag force and the collision impact, act on the particles. 
This would increase the fines fraction in the circulating air currents and, therefore, 
increase the total mass of segregated material, which may accumulate near the silo wall. 
Moisture content in the alumina powder 
The effect of moisture on the flowability of alumina was investigated by Davidson et al. 
(2001). One finding of their research was that a large amount of water could be added 
without influencing the fluidisation characteristics of the powder. Water up to 50 percent 
of the dry particle mass could be added. Thus, water was accommodated within the 
porous structure of the alumina particles. Another finding was that water was readily 
distributed amongst the particles. In the current work, the water adsorption isotherm of 
alumina powder (type H) was measured in an IGASorp unit from Hiden Analytical. For 
more details see Appendix C3. The results are presented in Figure 3.14. Percent 
relative humidity (%RH) is defined by Bell et al. (2000) as: 
%RH = 
PHO 
A 00 
Po 
(3.3) 
where PH20 is defined as the partial vapour pressure of water in the air of the chamber of 
the IGASorp unit and po is the vapour pressure that pure water exerts at the same 
temperature. The moisture content percentage is defined as: 
((dry powder mass+ adsorbed water) -dry powder mass) A 00 (3.4) 
dry powder mass 
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Figure 3.14 
Up to RH 60 %, the water is adsorbed in the micro-pores. Thus, the bulk density of the 
alumina powder can vary by a factor of two. Above RH 60 % the particles become 
covered by a monolayer of water (Davidson et al., 2001). 
3.2.4.2 Experimental uncertainties 
The powder mass flow rate can vary during the experiments because the variation in 
the relative air humidity changes slightly the density of the alumina particles. Since 
there was no equipment available to estimate the bulk density quickly and accurately, it 
was decided to accept the slight variation of around 4 percent in the feeding rate as 
experimental uncertainty. 
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3.3 DESCRIPTION OF THE WATER EXPERIMENT 
One way of testing the simplified three-group dimensional analysis was to compare the 
segregation of alumina particles in air with the segregation of sand particles in water. In 
order to do this, a cylindrical water model was built, similar to the experimental silo in 
Norway (section 3.1) but at half the size. The cylindrical section was made of Plexiglas 
and had a diameter of 0.02 m and a wall thickness of 0.002 m. The whole silo was 
submerged into a 500 1 plastic vessel, which was filled completely with water, as shown 
in Figure 3.15. In the vessel, a side glass was installed to observe and video record the 
particle jet in the cylindrical silo. Plastic pipes were connected to the experimental silo 
with a flow meter and a centrifugal pump from the company "Pump Engineering Ltd. ", 
which pumped the water back into the vessel. The flow meter (Platon, Standard NG 
Series) had a range from 20 to 270 10 ± 1.2 percent. A needle valve located directly 
downstream of the flow meter was used to control the liquid flow rate. Therefore, a 
closed system was created which kept the water level in the vessel constant. The water 
level in the vessel was above the material feeding hopper, which had the same design 
as the hopper used in the air silo, as illustrated in Figure 5.33 in section 5.2.6. The flow 
reduction plate, which was used to control the particle flow rate, had one orifice in the 
centre of the plate. The silo bottom contained seven compartments. The openings of 
these compartments were scaled half the size of those in the air model. HQnce, each of 
the compartments in the water model had an opening of 0.03 rn in diameter. 
51 I/h around 2.7xl 0-7 M3/S 
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Water pump 
Flow meter with needle valve 
Two water 
extraction ports and 
a hopper for central 
powder filling 
Cylindrical silo 
with 7 compartments 
in the silo bottom 
20 
Schematic diagram of the water model (dimensional units in mm) 
Figure 3.15 
3.3.1 Alumina and sand used for tests in the air silo and the water silo 
Alumina (type H) was sieved and only the particle fraction below 90 microns was used 
in the air experiment. The fraction of particles larger than 90 microns was sieved off 
from the alumina because the corresponding size of the sand particles with the same 
terminal velocity would become too large. The cumulative mass fraction of alumina is 
shown in Figure 3.16. The content of fines was around 20 percent. Nevertheless, the 
cohesion of alumina powder was so little that it did not affect the material flow behaviour. 
The alumina was still free flowing. 
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Figure 3.16 
For each size interval of alumina particles (see Figure 3.16), the terminal velocity (vt) of 
a single particle was calculated, for more details see Appendix D. Based on the 
terminal velocities of the alumina particles, the particle size of sand for each interval 
was obtained because the value of vt was kept the same for alumina and sand particles. 
Furthermore, the particle mass of alumina for each particle size interval (Table 3.3) was 
estimated by using the chart of the cumulative mass fraction of alumina obtained from 
the particle size analysis with the laser diffraction unit Helos (section 3.3.4.2). 
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Particle size 
[micron] 
Sand Alumina 
Particle mass 
[g] 
Sand Alumina 
Terminal velocity for 
single particles [m/s] 
Sand Alumina 
90 10 2.3 1.1 0.005 0.005 
180 21 2.3 2.1 0.02 0.02 
290 30 4.7 4.2 0.04 0.04 
480 42 8.1 7.9 0.08 0.08 
550 50 9.5 12.1 0.09 0.09 
800 60 15.9 19.3 0.13 0.13 
1200 72 24.4 30.3 0.19 0.19 
2000 90 33.0 45.2 0.28 0.29 
Particle fraction of alumina and sand, and the corresponding 
single particle terminal velocities 
Table 3.3 
The cumulative mass distributions of alumina and sand particles were plotted vs. the 
terminal velocities, as shown in Figure 3.17. Figure 3.17 shows that there was a close 
correlation between the terminal velocity of sand and alumina particles for each mass 
fraction of material. 
The sieved sand fractions are shown in Figure 3.18. It can be seen that the coarse and 
fine sand particles can be distinguished by their different colours. This difference in 
colour was used to give a qualitative statement about the segregation of sand particles 
in the compartments of the water silo. 
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Figure 3.17 
Sand fraction with different particle sizes 
Figure 3.18 
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3.3.2 Experimental procedure 
According to the simplified three-group dimensional analysis, which is presented in 
section 5.1.3.2, equation (5.18), the water extraction rate in the water silo was four 
times smaller than the air extraction in the air silo. Thus, in the water silo the water flow 
rate was 4 I/min and in the air silo the air extraction was 16 I/min. A total mass of 250 g 
sand was fed into the water model. The sand mass flow rate into the water model was 
around 0.2 kg/min, which corresponded to 0.8 kg/min in the air silo (section 6.1.4). The 
experiment was stopped after the sand settled completely on to the silo bottom. The 
compartments were removed from the experimental silo and the wet sand was 
completely dried in an electric furnace. In the next step, the dry sand was sieved to 
estimate the fines fraction (particles smaller than 480 microns), which had the same 
terminal velocity as the alumina particles, smaller than 42 microns, as shown in 
Table 3.3. 
3.3.3 Experimental uncertainties 
The sand segregated before pouring it into the water silo because the particles varied in 
size. To minimise segregation, the sand was well mixed before pouring it into the water 
silo. It was difficult to ensure that the silo was in all tests in the same position because it 
was not easy to place the silo straight in the water tank. The free surface area (the 
space between the compartments) was around 70 % and, thus much larger than in the 
experimental silo in Norway and England with values around 40 %. As a result, more 
material accumulated between the compartments and was not used for further analysis. 
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3.3.4 Particle size measurement 
3.3.4.1 Basic physical principles of particle sizing by laser diffraction 
Frauenhofer diffraction physics states that light scatters at the edges of particles. As 
shown in Figure 3.19, the laser diffraction (LD) system contains a laser source, a beam 
expander, a lens, and a detector (Roethele et al., 1990). 
sample in 
out 
beam ex7nder lens detector 
laser 
meiakSuring zone Li 
sample out 
Physical principle of the laser diffraction system 
Figure 3.19 
The light beam produced by the laser is widened with a beam expander. The particles 
passing the measuring zone produce a diffraction pattern. The scattered light is 
focused using a lens system and passed on to the detector. Since small particles show 
a large diffraction angle, their light hits the outer edges of the detector. For larger 
particles, the diffraction index is lower and, therefore, their light strikes the detector near 
the central position. The proportions of each particle size can be derived from 
measuring the distribution of the light intensity in the detector (Roethele et al., 1990). 
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3.3.4.2 The Sympatec/ Helos -laser diffraction system 
Sympatec uses a semicircular multi-element detector. When the diffraction pattern falls 
on the 31 channels of the detector, the signal is transferred to a microcomputer and the 
particle size distribution is calculated. The results of the particle size measurement are 
presented in tables or graphics. The standard models offer up to six lenses and enable 
particle measurements in the range of 0.1 to 1750 microns (Roethele et al., 1990). 
There are two different dispersion systems offered by Sympatec. First, the dry 
dispersion system Rodos which produces a de-agglomerated particle jet of dry powder 
in air. Second, the wet dispersion system Quixel, where material is submerged into a 
water reservoir and then analysed. Both systems give similar particle size distributions, 
as shown in Figure 3.21. Since there were no significant differences in the results 
between the two methods, it was decided to use the Rodos system for analysing 
material from the main experimental studies in England. The Rodos system is 
presented in Figure 3.20. 
Dry dispersing unit Rodos and the laser diffraction unit 
Figure 3.20 
59 
CHAPTER 3: EXPERIMENTAL SET UP AND PROCEDURES 
120 
100 
V Z! 7 80 t: 
60 
40 
E;; 
0 20 
0 
0 100 200 300 400 
P article diameter ImIcrons] 
*Alumina ypeH-Quixel(wet) o Alumina Type H- Quixel (wet) 
a Alumina Type H- Rodos (dry) x Alumina Type H- Rodos (dry) 
It 
Comparison of the Rodos and the Quixel system by plotting the particle diameter over 
the cumulative particle distribution for the alumina (type H) 
Figure 3.21 
3.3.4.3 Laser diffraction uncertainties 
Analysing large particles (larger than 1000 microns) in the Quixel system can give 
misleading results because large particles sediment to the bottom of the liquid reservoir 
and, thus, are not measured by the LD-system. Another uqcertainty of the system is the 
measurement of very fine particles (smaller than 1 micron) because the scattering angle 
of the light is quite large and, thus, the light may not be detected (Roethele et al., 1990). 
3.3.5 Laser Doppler Velocimetry (LDV) 
3.3.5.1 Introduction 
Laser Doppler Velocimetry is a point-wise optical measuring technique which measures 
the velocities of particles moving in fluids. Two crossing laser beams form an 
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interference pattern in a well defined measuring volume (Sotiriadis, 2005). Particles 
passing a measuring volume are illuminated. When the light hits the particle, it is 
scattered in all directions. Furthermore, the colour of light also changes slightly when 
the particle is in motion. This small light change is called the Doppler shift (Johansson, 
1993). The principle of the Doppler shift is illustrated in Figure 3.22. A particle is 
moving with velocity U through a light sheet that is created by a laser. The parameter 
RO in Figure 3.22 is the distance to an observation point. The unit vectors ds and C-0 give 
the directions of the incoming light and the scattered light. In the dual beam system the 
measuring control volume is illuminated by two scattering beams. Both scatter light in 
all directions. The scattered light of both beams still has the same Doppler frequency. 
Ro 
60 
U 
Light scattering from a moving particle 
Figure 3.22 
The interference of the two scattering beams creates a set of fringes which have a 
constant distance to each other. The particles crossing the fringes in the measurement 
volume influence the frequency of the light which is scattered towards the photo 
detector 
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The photo detector converts an optical signal to an electrical signal, which is transmitted 
to a digital counter. When the electrical signal (so called burst) passes the electrical 
filters in the counter, the velocity measurement for the particle is accepted. Noise is 
eliminated by filters (Dantec, 2003). The computer software counts the accepted bursts 
and calculates the time averaged mean particle velocity in vertical and horizontal 
directions for every 1000 bursts. 
3.3.5.2 The DANTEC LDV-system 
The LDV-system described in the following sections was used to estimate particle 
velocities in the laboratory silo in Norway (Chapter Four). The main components of the 
LDV-systern were the laser and laser beam, the fiber Particle Dynamics Analyser (PDA), 
the PDA detector unit, and the Multi PDA signal processor. A traversing mechanism 
was used to change the measurement position in the experimental silo in Norway 
(section 3.1). 
Laser and laser beam 
An Argon-ion laser was used for creating the laser beam. The laser beam was 
separated into two parallel beams by a beam splitter. A bragg cell was used to shift the 
frequency of one beam by 40 Hz to create fringes in the measurement volume. The 
beams crossed each other exactly at the waist point. The waist point is the position 
where the wave fronts were straight (Johansson, 1993). 
Fiber PDA (57X40 Fiber PDA receiving optics) 
The Fiber PDA receiving optic was used to collect the scattered light from the beam 
intersection. This light was guided through three multi-mode optical fibres where each 
fibre had a specific viewing angle. The three fibres (U1, U2 and U3) ran in a single 
cable to the PDA Detector unit. 
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PDA detector unit (58N70 Fiber PDA Detector unit) 
The PDA detector unit comprised three photo-multipliers and components for calibration 
and optical filtering. Each fibre (U1, U2 and U3) directed its light onto a photo-multiplier 
tube. Interference filters were used in the detector to block unwanted wavelength 
components. The PDA detector unit was connected to the Multi PDA signal processor. 
Multi PDA signal processor (58N80) 
The signals from the photo detector were filtered and amplified. A burst detector 
generated signals which were sent to an interface board (58G130), connected to a 
computer. All instrument settings such as bandwidth, gain and high voltage were 
controlled by the computer. 
3.3.5.3 LDV uncertainties 
Modern LDV-systems incorporate data validation circuitry. However, in some cases the 
validation circuitry fails to reject "bad" samples (Johansson, 1993). These signals are 
caused by optical or electronic noise as well as by measurements close to the silo wall 
or by particles with strong velocity gradients. During the LDV measurements, velocity or 
fringe bias can lead to errors in the results. A particle flow with high velocities carries 
more particles through the measurement volume at a certain time than a flow with lower 
particle velocities. Therefore, averaging the mean velocities would give different 
answers (Sotiriadis, 2005). 
Fringe bias occurs when particles are passing through the measurement volume with a 
wide angle. The resulting particle velocities are maybe not registered by the PDA 
detector because the minimum number of fringes is not sufficient to validate the 
measurements. This may happen in particle flows with considerable changes in 
direction where particles are approaching the measurement volume parallel to the 
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fringes. Therefore, it was important for the study that the signal-processing filter 
rejected these particle velocity measurements, as stated by Sotiriadis (2005). 
3.3.6 Particle Image Velocimetry (PIV) 
3.3.6.1 Introduction 
Optical methods of flow visualisation, such as Particle Image Velocimetry (PIV), 
quantitatively measure the motion of particles in multi-phase flows (Liu et al., 1993). 
PIV measurements of the particle flow in the experimental silo were conducted in 
Norway and are presented in more detail in Chapter Four. The advantage of using PIV 
is the instantaneous measurement of particle velocities at a large number of points. 
Thus, it is possible to map out at once the entire flow field of the particle jet in the 
control volume. PIV is a laser light sheet technique, in which the sheet is double-pulsed 
and images of fine particles moving with the fluid through the sheet are produced. The 
particle velocities are measured by extracting the particle displacement in the light sheet 
from two photographs with different exposure times. Optical methods are restricted to 
media that are relatively transparent to optical wavelengths. Furthermore, only low 
particle volume fractions can be used in the experiment (Liu et al., 1993). 
3.3.6.2 The DANTEC PIV- System 
The PIV laser (DAN 00-0054) was a 100 Hz: Yttrium Aluminium Granat (YAG) laser with 
a maximum output of 400 mega Joules. The pulse duration was 50 ns and the 
wavelength was 532 nm. The used PIV camera (X stream XS-3) had a frequency of 
630 Hz and a pixel resolution of 1280x1024. The camera lens was an 80x292 Nikon 
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85 mm, f/1.8 lens with a F-mount. In addition, a 532 nm camera filter was used. The 
set up of the PIV system is shown in Figure 3.23: 
Experimental cylindrical silo with 
four air extraction ports and a 
hopper for central powder filling 
ýI tzC,:, 
A 
Light sheet 
Laser and Lens 
Field of view . ..... 
q 
0-1 
camera 
..................... Camera 
Am 
PIV-processor PC 
DANTEC- PIV System: schematic representation of the set up in the 
experimental silo in Norway 
Figure 3.23 
3.3.6.3 Basic principles of PIV 
The cylindrical silo (Norway) was fed with alumina particles and the air was extracted 
from the silo by using two tubes (case A/ section 3.1). The fines were entrained into 
the air and followed the airflow. The laser illuminated the diametrical cross section of 
the silo. Settling particles reflected the laser light and the camera system captured two 
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images. These subsequent images, with a small exposure time delay, were divided into 
small interrogation areas, as shown in Figure 3.24- 
PIV image of the particle jet in the cylindrical silo in Norway with 1024 interrogation areas 
of the size 11 x8 mm (w x h) 
Figure 3.24 
Figure 3.24 shows two superimposed photos of the particle jet. The PIV system was 
installed at a similar height as the LDV unit to capture the images around 0.2 m above 
the silo bottom. The movements of particles in the grid of the interrogation cells of the 
two superimposed images were calculated. The rectangles in the interrogation area, as 
shown in Figure 3.24, had a length of 11 mm and a height of 8 mm. The displacement 
of particles in the two different images resulted in a peak in the correlation function. As 
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a result, the velocity and position of each particle were determined by dividing the 
measured displacement by the exposure time delay, as shown by Deen et al. (2000). 
3.3.6.4 PIV uncertainties 
Errors arising from PIV measurements are (a) random errors arising from noise in the 
recorded images, (b) bias errors due to the processing of the signal peaks and (c) 
gradient errors resulting from rotation and deformation of the fluid flow in the 
interrogation area (Prasad, 2000). Deen et al. (2000) reported that due to the 
obscuration of particles within a dense 3D- jet a planar image does not capture very 
accurately the particle velocities. 
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CHAPTER 4 
PRELIMINARY EXPERIMENTS INVESTIGATING THE 
PARTICLE FLOW WITH LDV AND PIV 
This chapter presents results from experiments conducted in the laboratory silo in 
Norway. The particle velocities measured by Laser Doppler Velocimetry (LDV) and the 
Particle Image Velocimetry (PIV) are compared and discussed. In addition, 
measurements of the particle velocities for off-centre powder feeding are presented. 
4.1 MEASUREMENTS OF THE PARTICLE VELOCITIES IN A CYLINDRICAL SILO 
(NORWAY) USING PIV and LDV 
To investigate the dynamics of the particle flow and air flow during the silo filling, the 
particle velocities were measured with LDV and PIV techniques (section 3.3.5 and 
3.3.6). The measurement area of LDV and PIV in the experimental silo in Norway 
(section 3.1) is shown in Figure 4.1. The LDV probe was connected to a traverse 
system. The position of the probe was controlled by a PC. With the LDV, the particle 
velocity was measured at 15 positions along the silo diameter. The silo centre line was 
set as the zero position. When measurements were conducted on the right side of the 
silo centre line, the x- values were positive and vice versa. The probe was placed 0.2 m 
above the bottom of the silo. 
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ML 
LDV and PIV position in the experimental silo (Norway) 
Figure 4.1 
The following parameter settings were chosen for the experiments. The silo was filled 
centrally with 1.5 kg alumina (type H). The fines content in the alumina feed was 
around 14 mass percent for all experiments. The powder feeding rate was 0.05 kg/min 
because higher feeding rates could negatively affect the measurement (as explained in 
PIV uncertainties, section 3.3.6.4). The air was extracted at two extraction points and 
the air extraction rates were 60 and 150 I/min. The air flow rate was measured 
indirectly, as described in case A (section 3.1). 
4.1.1 Particle velocity measurements with PIV and LDV at low air extraction rates 
Particle velocities were measured with PIV and then with LDV. The results of both 
techniques were compared. PIV and LDV measurements were conducted with an air 
extraction rate of around 60 I/min. During the experiments, it was observed that the 
particle jet was straight into the silo. Air currents in the silo carried some material away 
from the particle stream. The particles stayed entrained in the air currents even when 
69 
CHAPTER 4: PRELIMINARY EXPERIMENTS 
they moved upwards towards the silo top plate. The particle jet passed the PIV 
measurement volume in the silo centre axis. 
Results from PIV measurements 
The settings of the PIV were explained in section 3.3.6.1. The instantaneous image 
captured with PIV (Figure 4.2) shows the settling of particles and two eddies which were 
created in the lower part of the measurement volume. The two eddies may move with 
time or even stop. 
PIV Image of alumina particles during the gravity free fall Into the experimental silo 
(feeding rate 0.05 kg/min and air extraction rate 60 I/min) 
Figure 4.2 
Figure 4.2 shows that the up flowing air is forced towards the silo wall by the two eddies. 
Above the two eddies, the air currents were moving the particles in upward direction. 
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and air extraction rate 60 I/min) 
Figure 4.3 
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PIV measurements of particle velocities along the silo diameter when the silo is filled 
centrally (data exported from the vector map Figure 4.3) 
Figure 4.4 
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The velocity vectors were plotted in a vector map (Figure 4.3). The length of the vector 
reflects the particle velocities in the silo. A comparison of the particle velocities in 
certain areas of the silo shows that they were much higher in the silo centre than near 
the silo wall. 
Results from LDV measurements 
The LDV measured time averaged particle velocities in 15 positions along the silo 
diameter. Results are presented in Figure 4.5. The central silo line corresponds with 
the zero x- position. Velocities measured at the right of the central silo line have 
positive x- values and vice versa (Figure 4.1). Negative values on the y- axis indicate 
the settling of particles towards the silo bottom. Positive valueý represent particles 
entrained in air currents moving upwards. It can be seen from Figure 4.5 that the 
particle velocities reduced gradually from the centre of the silo towards the wall. There 
was a slight increase in the particle velocity in x- position 50. One reason for the higher 
particle velocities at this point could be a cloud of particles, which was separated from 
the main particle stream. The highest particle velocities (0.7 m/s) were measured near 
the particle stream. 
It can be concluded that PIV and LDV measured similar particle velocities along the silo 
diameter because the shape of the two graphs, which are presented in Figure 4.4 and 
Figure 4.5, are alike. PIV gave an instantaneous picture of the particle velocities in the 
measurement control volume, whereas LDV gave the time averaged particle velocities. 
The PIV measured slightly higher particle velocities (0.8 m1s) in the centre of the silo 
and showed that near the silo wall, the particles moved upwards with the air. 
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Figure 4.5 
4.1.2 Particle velocity measurements with PIV and LDV at high air extraction 
rates 
In subsequent experiments, particle velocities were measured with PIV and LDV for an 
air extraction rate of 150 I/min. It was observed that the particle jet went straight into the 
silo. Strong air currents circulated in the silo and distributed the alumina powder evenly 
over the silo diameter. Some material was carried with the air currents in upward 
direction. 
Results from PIV measurements 
A picture of the PIV measurement showed particles settling in the centre of the silo 
(Figure 4.6). The settling particles were exposed to strong air currents that created 
turbulences near the particle stream. The strong air currents enhanced the separation 
of particles from the jet. Near the left side of the silo, the air current carried entrained 
particles downwards. The particle velocities were as high as in the centre of the silo. 
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PIV image of particles during the gravity free fall into the experimental silo (feeding rate 
0.05 kg/min and air extraction rate 150 I/min) 
Figure 4.6 
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PIV image of particle velocity vectors in the experimental silo (feeding rate 0.05 kg/min 
and air extraction rate 150 Ilmin) 
Figure 4.7 
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Air was moving upwards, as indicated in Figure 4.7, and created small eddies 0.05 m 
away from the right silo wall. Very close to the silo walls, the particle velocities were 
significantly lower in comparison to the other areas of the measurement volume. 
Results from LDV measurements 
Next, particle velocities were measured with LDV. The particle velocities along the silo 
diameter are presented in Figure 4.8. The highest particle velocities were measured 
close to the silo wall (x- position -130 mm). Further, it can be seen that particles were 
carried by air currents to the left of the silo centre line and moved much faster than 
particles near the silo centre line. The particles carried upwards were fastest near the 
right silo wall (x- position 130 mm) with approximately 0.3 m/s. 
The comparison of results from measurements with PIV (Figure 4.9) and LDV (Figure 
4.8) show that the particle velocities in the silo centre measured with PIV were with 0.8 
m/s slightly higher than the values measured with LDV around 0.5 m/s. This is plausible 
because PIV measured instantaneous and LDV time averaged particle velocities. The 
velocity profile obtained with PIV and LDV seems to be consistent. This increases the 
confidence in these two techniques as they seem to be appropriate for investigating the 
particle flow behaviour in experimental cylindrical silos. 
The PIV technique was selected to investigate the particle flow when the feeding 
mechanism was moved off-centre, i. e. near the silo wall. This set up can be found in 
some industrial alumina storage silos. The particle velocities were measured and 
results compared between off-centre filling and central filling position. 
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4.1.3 Particle velocity measurements with PIV at a low air extraction rate (off- 
centre filling point) 
Particle velocities were measured with PIV when the silo was filled off-centre (near the 
silo wall). Alumina powder (type H) was poured with 0.05 kg/min into the silo. One air 
extraction tube was connected to the centre of the silo top plate and air was extracted at 
around 60 I/min (section 3.1 / set up C). Particle velocity vectors measured with PIV are 
presented in Figure 4.10. 
It was observed that the particle jet was less affected by circulating air currents when 
the silo was filled off-centre rather than centrally. Therefore, less material was 
entrained into the circulating air currents. Figure 4.11 shows that the particle settling 
velocities in the particle jet were around 1.7 m/s and hence somewhat higher than filling 
the silo centrally at low air extraction rates. This is due to a more compact particle 
stream settling near the silo wall, which appears to reduce the effect of circulating air 
currents. The particle velocities in the other positions along the silo diameter seemed to 
fluctuate more or less around 0.2 m/s (Figure 4.11). 
It was concluded from the PIV measurements that filling the silo off-centre minimised 
the air circulation in the experimental silo and, therefore, reduced the amount of 
particles circulating with the air currents. In addition, it was noticed that the particle jet 
was more compact, which also reduced the entrainment of particles in the air. 
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PIV image of particles during the off-centre filling of the experimental silo (feeding rate 
0.05 kg1min and air extraction rate 60 I/min) 
Figure 4.10 
0 
PIV measurements of particle velocities along the silo diameter when the silo was filled 
off-centre (data exported from the vector map Figure 4.10) 
Figure 4.11 
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4.1.4 Particle velocity measurements with PIV at a high air extraction rate (off- 
centre filling point) 
Filling the experimental silo off-centre with a feeding rate of 0.05 kg/min and an air 
extraction rate of around 150 I/min, a particle flow characteristic as shown in Figure 4.12 
is obtained. The compactness of the particle jet was reduced by air currents that 
interfered with the settling particles. However, it was observed during the experiment 
that the particle jet was more compact when the silo was filled off-centre than centrally 
and, thus, it could be assumed that the silo wall reduced the effect of circulating air 
currents. 
PIV image of particle velocities during the off-centre filling of the experimental silo 
(feeding rate 0.05 kg/min and air extraction rate 150 Ilmin) 
Figure 4.12 
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Figure 4.12 shows that more particles were entrained in the circulating air currents 
when the air extraction rate was 150 I/min. Eddies were created in the silo which 
carried finer particles in upward direction. The particle velocity profile along the silo 
diameter is presented in Figure 4.13. The average particle velocities left from the silo 
centre line were around 0.2 m/s. The particles downward settling velocities were 
around 2.3 m/s and, thus, much higher than in the case of the central silo filling, in 
which particle velocities of around 0.8 m/s were measured. 
Next, a comparison of the particle velocities for different air extraction rates (60 and 150 
I/min) is presented in Figure 4.14. 
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Figure 4.13 
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Comparison between PIV measurements with different 
air extraction rates (60 and 150 I/min) along the silo diameter 
Figure 4.14 
Figure 4.14 shows that for high air extraction rates more particles settled outside the 
particle stream than for low air extraction rates due to stronger air currents created by 
higher air extraction. In addition, higher air extraction rates increased the particle 
settling velocities (x- position 90 mm). The difference in the particle velocities could be 
explained by the effect of the moving air currents. 
4.2 CONCLUSIONS 
Experiments showed that low air extraction created only a small air flow and a minute 
amount of material was carried to the wall of the centrally filled silo. The particle settling 
velocities were with 0.5 to 0.8 m/s very similar along the silo centre line for low and high 
air extraction rates. 
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Further, the position of the hopper for the powder filling influenced the particle velocities. 
The measurements showed that filling the silo from the centre created stronger air 
currents than filling the silo off-centre. This implies that air velocities were reduced and 
fewer particles were carried away by air currents when the silo was filled off-centre. 
Particle velocities of the jet were with 2.5 m/s much higher when the silo was filled off- 
centre than when it was filled centrally (0.8 m/s). The results of the measurements with 
the PIV show qualitatively that filling the silo off-centre reduce the circulation of material 
in the silo and, thus, may reduce ACS. 
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CHAPTER5 
RESULTS FROM EXPERIMENTS AND SIMULATIONS 
This chapter contains experimental and simulation results which were published in two 
papers. In section 5.1, the dimensional analysis and experiments from the extended 
paper from the work presented at the 5 th World Particle Conference in Florida, USA 
(2006) is presented. The paper was published in 2007 in the journal Particle and 
Particle System Charactefisations. Section 5.2 includes the full paper which was 
presented at the UK-China Particle Conference in Leeds in April 2007 and published in 
the journal Powder Technology. Findings, which were contributed by other researchers, 
are clearly marked as cooperative work. The development of the simulation model in 
Fluent was done in cooperation with Flavio Battistin. 
5.1 THEORETICAL APPROACH 
5.1.1 Development of a scaling model using dimensional analysis 
To investigate air current segregation in cylindrical silos, equipment and process 
parameters from industrial equipment were scaled down to an experimental cylindrical 
silo. Dimensional analysis was used to develop the scaling model. The chosen 
parameters for the dimensional analysis are listed in Table 5.1. The list of parameters 
has been developed from experience with air current segregation and scientific common 
sense (i. e. physical properties of the flow and the particles etc. ). In addition, some 
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parameters were chosen because experimental results, which are presented later in this 
paper, support their significance (e. g. powder feeding rate and air extraction rate). For 
scaling purposes, only one dimension of the silo, e. g. the radius R, in m, is considered 
as an independent parameter; the other silo dimensions follow the change of R because 
geometric similarity is required. Hence, the filling height is not considered as an 
independent parameter because it is associated with the dimensional changes of the 
radius R. The accumulation of fines in certain areas in the silo is represented by a 
segregation index Is. The dimensionless segregation index incorporates both the total 
mass of segregated powder and the mass percentage of fines, see equation (5.1). 
This is necessary since both a small amount of highly segregated material and a large 
amount of mildly segregated material can be a problem for the downstream units. 
I, =E 
M, 
1 (ML) 
mass fraction of fines in compartment i 
mass of powder in co mpartment i 
Cl. = mass fraction of fines in the feed 
ML = total mass in all compartments 
The power of 2 in equation (5.1) gives a positive value for each term in the segregation 
index (both fines rich and fines poor samples imply segregation) and in addition the 
power of 2 increases the weighting of the second term. 
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Symbol Description Dimensions Unit 
E Air extraction rate [13 t . 11 M3/s 
S Feeding rate of alumina [13 t -Ij m 3/S 
is Segregation index 
pg Density air [M I-, ] kg / M3 
R Silo dimension (radius) [I] m 
p Viscosity air [m I-It-, ] kg / (ms) 
dp Particle diameter Mm 
9 Gravitational acceleration [I t -1] M/S2 
List of independent parameters for the dimensional analysis which influence air current 
segregation of free flowing alumina in silos 
Table 5.1 
5.1.2 A scaling model for air current segregation in silos 
In fluid mechanics, the dimensional analysis is often used to formulate dimensionless 
ratios of parameters, which affect the dynamic of the circulating flow (Nedderman et al., 
1985). If a physical quantity Q, can be expressed as a function of (n-1), other 
independent physical variables Q2, Q3 .... I Qn are obtained as a functional relationship 
between n variables, see equation (5.2): 
Ql ": - f(Q2, Q3,..., Q, ) 
(5.2) 
According to the Buckingham rule, the parameters should be grouped to obtain 
dimensional homogeneity using the m, t, I unit system where m is mass, t is time and I is 
length. The number of mathematical variables is reduced from n to (n-p), where p is the 
number of fundamental dimensions required to describe the physical quantities involved. 
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After the fundamental dimensions are selected, the remaining (n-p) dimensionless ratios 
are formed which are also known as numerics or rl quantities (Barenblatt, 2003). The 
equation (5.2) may now be replaced by a functional relationship involving only the (n-p) 
quantities in the form of equation (5.3): 
rIl =f(Fl29r'3, -v1-1(n-p)) 
(5.3) 
The dimensionless groups can be selected at will, provided they are independent 
(Seville et al. 1997) It is now required to form dimensionless ratios for I., pg, E, dp, and g 
using the three quantities S, R and p. fl, is Is, the dimensionless segregation index, 
which is defined in equation (5.1). We can say that: 
le, =f (pg, E, dp, g, S, R, p) (5.4) 
To obtain a dimensionless ratio for pg we try: 
P9 
S'R bPc 
Dimensionally we must have: 
(5.5) 
Iml 
= 
L" 
rl h 
[Ml' 
Ul Na .I [it] c 
(5.6) 
Hence for: 
c (5.7) 
0-a-c 
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-3 = 3a+b-c . -. b=1 
Therefore: I 
1-12 = 
spg 
(5.8) 
Rp 
By a similar procedure we arrive at: 
E (5.9) 
s 
r'4 dp (5.10) 
R 
And 
59 
f15 = -s2 
Therefore, we obtain the relationship: 
= 
(Spg E dp R'g (5.12) /S 
Ru I S'R' S2 
) 
As van der Meer et al. (1999) pointed out, working with five dimensionless groups is 
quite difficult. Furthermore, the scaling of the full parameter set requires the scaling of 
87 
CHAPTER 5: Results from experiments and simulations 
the alumina particles to maintain the proportion between particle diameter and the 
dimension of the silo (dp/R). Assuming a scaling factor of 25, (derived from the 
dimensions Of the industrial equipment and the experimental silo), the size of industrial 
alumina particles X50 - 75 pm has to be scaled down and, thus, the reduction in particle 
size will result in a higher ratio of inter-particle forces to other forces in the grains 
leading to severe cohesion. Cohesion was not included as a parameter in Table 5.1 
because free flowing alumina was assumed. Therefore, the experimental results with 
the scaled (i. e. size reduced) alumina particles will not be comparable with the industrial 
case. It seems to be an impasse applying the full parameter set since the cohesion of 
particles will affect the segregation pattern. Researchers simplified the dimensional 
analysis by introducing the terminal velocity vt in m/s (van der Meer et al., 1999). 
Physicpl properties, such as the particle diameter, the viscosity of air, gravitational 
acceleration of particles, and air and particle densities, are lumped into vt. Hence, using 
the terminal velocity reduces the number of independent parameters, as shown in Table 
5.2: 
Symbol Description Dimensions Unit 
E Air extraction rate [11 t . 11 MI/S 
s Feeding rate of alumina [11 t . 11 MI/S 
is Segregation index 
vt Terminal particle velocity [I t m/s 
R Silo dimension (radius) [I] m 
Independent parameters for the simplified dimensional analysis 
Table 5.2 
Applying the dimensional analysis as presented in the previous paragraph and using the 
segregation index, defined in equation (5.1), we derived dimensionless ratios for the 
parameters in Table 5.2. We have chosen S and R as the two primary quantities. 
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For the simplified dimensional analysis, we can say: 
Is =f (E, S, R, vd 
E (5.14) 
Sa Rb 
Dimensionally we must have: 
3= [/3r 
[1]b (5.1 5/a) 
tt Itr 
Hence for: 
m0=0 
-1 =-a 
(5.1 5/b) 
3= 3a+b . -. b 0 
Therefore: 
112 
By a similar procedure, we obtain: 
(5.16) 
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F13 R 
2V, 
s 
For the simplified dimensional analysis, we get the relationship: 
=J F 
(E R 2Vt 
ýsl s 
The dimensional analysis has only three dimensional groups, which is tractable. 
Furthermore, the particle size problem has been eliminated through the introduction of 
the terminal velocity. 
5.1.3 Introduction to experiments- equipment and methods 
Very few experimental results are available describing the relationship between process 
parameters and air current segregation. Therefore, experiments were conducted to 
study the particle air flow, the segregation of alumina in certain areas of the silo and the 
importance of process parameters such as air extraction rate and feeding rate. First, 
experiments were conducted in a two-dimensional rack and second in a cylindrical silo. 
To test the simplified dimensional analysis, small scale water models for the 2D-rack 
and the cylindrical silo were built. 
5.1.3.1 Investigation of the effect of the powder feeding rate in a 2D-rack 
In the first experiment, an existing large rectangular 2D-rack with wooden back and side 
walls and a glass front for yisualising the flow pattern with the dimensions 3 rn x2 rn x 
40 cm was fed centrally with alumina powder. The alumina contained a mass fraction of 
fines of around 6 percent. Two different alumina feeding rates (500 kg/h and 5000 kg/h) 
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were chosen and the distribution of fine particles along the heap profile was measured. 
Air was extracted near the top corners of the 2D-rack with a high extraction rate. 
5.1.3.2 Observations and results of preliminary experiments in the 213-rack 
The experiments in the 2D-rack showed that higher feeding rates created faster air 
currents and therefore, more particles were entrained into the circulating air. In addition, 
the experiments showed that the increase of the feeding rate from 500 to 5000 kg/h 
increased the amount of material being entrained in the air, carried away from the falling 
jet and then running down the apparatus side walls. For the experiments with the 
feeding rates of 500 to 5000 kg/h, samples of material from six positions along the heap 
surface were taken, see Figure 5.1: 
Alumina Air 
feeding point extraction 
14, 
Air current segregation rack with six sample points 
Figure 5.1 
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The sampling was carried out by collecting a small fraction of material near the heap 
surface with a 50 ml glass pipette. Figure 5.3 shows that for a feeding rate of around 
5000 kg/h the mass fraction of fines was around 23 % at the side wall (pos 1) and 
around 9% in the centre heap (pos 6). For experiments with feeding rates of 500 kg/h 
the concentration of fines at the side wall (pos 1) was slightly lower with 21 %. Further, 
it can be noted from Figure 5.3 that for lower feeding rates more fines accumulated near 
the wall of the 2D-rack because the fines fraction in position two and three is amplified 
compared to higher feeding rates. Fine material was remixed with coarse particles at 
the lowest point of the heap surface (pos 3 and 4) because the values obtained 
were much lower than near the side walls. Although the increase of the feeding rate to 
5000 kg/h deposited more material at the side walls the fraction of fines was smaller. 
Therefore, it seems that the circulation re-mixes the material and reduces air current 
segregation. 
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Mass percent of fine particles (smaller than 42 microns) in the heap surface at two 
different feeding rates (experiment one: 5000 kg/h and experiment two: 500 kg/h) 
Figure 5.2 
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5.1.3.3 Testing the simplified dimensional analysis in a small scale 2D- water 
model 
To test the simplified dimensional analysis, shown in equation (5.18), a small scale 
water model of the 2D-rack was built. Experiments were conducted to study the 
dynamical similarity by observations and video recording of the particle flow in the water 
model and the 2D-rack. The water model with the dimensions (30cm x 20cm x 4cm) 
was scaled one to ten to the larger 2D-rack. 
This is a challenging experiment because several dimensionless ratios, e. g. r12 and F14 
(see equations 5.8 and 5.10) from the full dimensional analysis will have very different 
values between the two experiments not least because of the different densities and 
viscosities between water and air. To preserve the value of vt, large sand particles (with 
a particle size of around 340 pm) were used in the water model. Applying the scaling 
rule according to the simplified dimensionless groups, as shown in equation (5.18), the 
particle flow in the 2D- water model should look similar to the particle flow in the 2D-rack 
(particles in air). 
a) 213-rack fed centrally with alumina particles 
b) 213-water rack fed with sand particles 
Figure 5.3 
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In the water experiment, sand was submerged in water and fed centrally via a funnel 
into the 2D- water model. Two water extraction points were located near the top 
corners of the apparatus. The water was sucked out of the apparatus by a vacuum 
pump at a similar rate to the large 2D- rack. As a result, the circulation of water and 
sand particles was initiated in the device. The video analysis of both particle-fluid flow 
patterns in the 2D- water model and the 2D-rack looked similar. In both devices, 
material accumulated on the side walls and formed a small half pile there, as can be 
seen in Figure 5.4. It should be noted that more material was poured into the water 
model than into the 2D-rack. This partly explains the different shapes of the heap 
surface 
bib. b) 
a) Heap profile in the large 213-rack (alumina- air) 
b) Heap profile in the water model (scale 1 to 10 of 213-rack) 
Figure 5.4 
It can be concluded that, although experiments in the 2D-rack allow a good visualisation 
of the particle flow, front and back wall effects disturb the particle flow. A Coanda like 
effect forces the bulk material towards one wall of the apparatus and therefore the 
r 
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particle flow is not symmetric, see Figure 5.4 and Figure 5.5. In addition, the friction 
between particles entrained in air and the front and back walls of the apparatus 
influence the amount of material accumulating in the corners of the 2D-rack. These 
effects are negligible in a cylindrical silo because of its circular shape. Moreover, other 
heap segregation mechanisms, such as rolling or sifting, occur in the 2D-rack and 
contribute to the separation of fines. Because of the above-mentioned reasons, it can 
be said that a 2D-rack is not an ideal geometry to investigate air current segregation. 
- Central powder feeding 
into the 2D rack 
Coanda effect forces the particle jet 
to the back wall of the silo 
Heap formation is asymmetrical (more 
material accumulates at the back wall) 
Side view of the 213-rack, which shows the coanda effect on the back wall and the 
asymmetric heap formation 
Figure 5.5 
To study the impact of process parameters, such as air extraction rate, on the particle 
flow pattern and air current segregation, experiments were conducted in a cylindrical 
silo and a scaled cylindrical water model. To eliminate other segregation mechanisms, 
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such as rolling or sieving, a specially designed bottom plate was used in the cylindrical 
silo. Catchments positioned in different areas of the silo bottom collected material 
without allowing other segregation mechanisms, such as rolling and sifting, to become 
active. 
5.1.3.4 Investigation of the effect of the air extraction rate in a cylindrical silo 
A cylindrical silo of 1m height and of diameter 330 mm was fed centrally with alumina 
powder. At the bottom of the silo, eight compartments had been placed, one in the 
middle and seven around the circumference, see Figure 5.6. The compartments are 
numbered from one to eight and have small openings at the bottom to withdraw alumina 
samples for particle size analysis. 
Eight compartments 
at the bottom 
of the silo -, 
Central feeding point 
and two air extraction points 
AIL 
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Distance between laser 
(LDV probe) and point of velocity 
Measurement in silo 400 in 
Traverse for 
varying the 
position of the 
(LDV probe) 
General arrangement of the experiments in a centrally filled experimental silo, the 
particle velocity is measured with LDV 
Figure 5.6 
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5.1.3.5 Feeding mechanism 
The preliminary experiments in the 2D-rack revealed a strong dependency between the 
powder flow patterns in the apparatus and the feeding mechanism. The air extraction 
created a slight under pressure in the apparatus. The amount of air removed from the 
experimental silo and the material fed into the silo was balanced by allowing air to enter 
freely near the filling point, otherwise the interstitial air pressure in the silo would 
influence the particle feeding rate (Nedderman et al., 1983). This was achieved by 
having a gap of 30 mm between the hopper and the top plate of the cylindrical silo. Two 
air extraction points were connected to the top plate, the diameter of the 2 circular tubes 
was 20 mm and the ports were a distance from the silo wall of 30 mm. 
4 
C) 
C) 
C) 
-4 
N(III 
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090 - 
0110 P-P 
N (1 : 6) 
Cylindrical silo with detailed view of the feeding mechanism, the top plate of the silo and 
the dimensions of the bottom compartments, these diagrams are diametrical cross- 
sections (except plan view section P-P) 
Figure 5.7 
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In order to test the repeatability of the measurement, each experiment was performed 
twice. Since air extraction rates in industrial silos are quite high, a value of 75 I/min for 
each extraction point was chosen which gives a total air extraction rate of 150 I/min. In 
both runs, a total mass of 1000 g alumina was fed into the experimental silo at a feeding 
rate of 1.3 kg/min. The mass fraction of fines in the feed was around 11 %. After the 
alumina settled at the bottom of the silo, the material was discharged from the eight 
compartments and the particle mass in each compartment was measured. The total 
mass collected in the compartments was 834 g for the first run and 857 g for the second 
run. The difference between the material mass fed into the silo and the mass collected 
in all compartments can partly be explained by material falling between the 
compartments. The results are presented in Figure 5.8: 
1000.0 -1 
0) 
C: 
100.0 
CD 
MID 
i_- 
10,0 
mi 
1.0 
2345678 
Compartment 1 to 8 
Experiment 1c Experiment 2 
Accumulated material mass in compartments 1 to 8 after feeding 1000 g into the 
experimental silo with an air extraction rate of 75 I/min and a feeding rate of 1.3 kg/min 
(experiment two is the repetition of experiment one) 
Figure 5.8 
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For both experiments the particle size distribution (and thereby the mass fraction of 
fines) in each compartment was measured with a laser diffraction pattern analyser 
(Sympatec, Helos) and the results are given in Figure 5.9. The fine material was fairly 
equally distributed in the 8 compartments. This result is not surprising since the air 
extraction rate of 150 I/min was very high in comparison to the air extraction rates of 10 
to 30 I/min used in other experiments (section 5.1.4.6). Therefore, fine particles were 
well mixed with coarser material by the air flow. Further, it may be noted that some fine 
material was sucked out of the silo and this may explain why, apart from compartment 5, 
the content of fines in the feed was higher than in the compartments. This may also 
reflect some experimental error. 
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Mass fraction of fines in compartments I to 8 after feeding 1000 g into the experimental 
silo (experiment two is the repetition of experiment one) 
Figure 5.9 
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The values of the segregation index, 1, as defined in equation (5.1), for experiment one 
was 0.07 and for experiment two 0.05. Thus, the segregation indices for experiment 1 
and experiment 2 are quite similar and therefore it can be said that the experiments give 
reproducible results. The variations of the material masses and the content of fines in 
the compartments are acceptable because the falling particle jet departs from the 
vertical in these experiments in a direction that varies from experiment to experiment. 
5.1.3.6 Experiments in the cylindrical silo with different air extraction rates 
In the next experimental series, the influence of the air extraction rate on ACS was 
tested. Two tests were conducted. The air extractor was connected to the silo top plate 
at two extraction points opposite each other. In the first experiment, 1000 g alumina 
powder with a mass fraction of fines of around 10% was fed at 0.055 kg/min into the 
experimental silo. The mass collected in the compartments was 999 g. The air 
extraction rate on each extraction point was 5 I/min, which gave a total air extraction of 
10 I/min. In the second experiment, 1000 g alumina powder with a mass fraction of 
fines of around 10% was fed with 0.055 kg/min into the apparatus. This time, air was 
extracted at 30 I/min, corresponding to 15 I/min at each extraction point. The total mass 
collected in the compartments was 988 g. After running these two experiments, 
samples were taken from the eight compartments. The total mass in each compartment 
was measured and results are given in Figure 5.10. The mass fractions of fines 
accumulating in the eight catchments are presented in Figure 5.11. 
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Figure 5.11 
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These two experiments, in which the feeding rate of 0.055 kg/min was kept the same, 
but the air extraction was increased from 10 to 30 Ilmin, show that decreasing the air 
extraction rate increased the segregation. The highest concentration of fines was found 
in the compartments with the lowest mass of powder. In the case where air w. 1s 
extracted at 10 I/min, the mass fraction of fines was higher in each compartment (except 
in compartments 4 and 8). Further, the mass of material in the compartments was 
lower than in the experiments with the 30 Ilmin air extraction. In all runs, the mass in 
the centre compartment was much higher than the mass in the compartments on the 
periphery. Not surprisingly, the total mass of powder was much lower in the centre 
compartment with 30 I/min air extraction. The observation of the particle flow during the 
experiment with 10 I/min air extraction revealed that a dense particle jet was failing from 
the hopper down the centre of the silo with only little material leaving the particle jet. In 
the experiment with 30 I/min air extraction, a slightly asymmetric spreading jet of 
particles was observed. This agrees with the results shown in Figure, 5.10 in which the 
spreading jet had a preference to deposit material in the compartments 6 and 7. This is 
accordable with the observations that the asymmetric particle jet into the experimental 
silo was fairly steady in its direction of asymmetry. 
5.1.3.7 Measurements of particle velocities in a cylindrical silo with and without 
air extraction 
Two experiments were conducted. First, an air extractor was connected to the 
experimental silo and 0.03 kg/min powder with a mass fraction of fines of around 17% 
was poured into the experimental silo, see Figure 5.6. The air extraction rate was 
around 30 I/min. The particle jet was symmetrical into the silo, as shown in Figure 5.12. 
In the second run, the air extractor was disconnected and two holes in the periphery of 
the silo top plate with a diameter of 20 mm were left open to allow the air to leave the 
apparatus slowly. In this experiment, the particle jet was also straight into the silo, as 
shown in Figure 5.13. The jet was much denser than in the previous experiment and 
only a small amount of material was leaving the particle jet. 
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Section view of the particle jet in the cylindrical silo when it enters the silo (air extraction 
rate 30 Umin) 
Figure 5.12 
Section view of the particle jet straight into the silo (no air extraction) 
Figure 5.13 
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The particle velocity in the experimental silo was measured with Laser Doppler 
Velocimetry (LDV) operated in back scatter mode (Dantec). LDV measurements were 
taken 200 mm above the bottom of the silo along its centre line, as shown in Figure 5.14. 
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LDV measurements of velocity profiles of the particle flow, 200 mm above the 8 
compartments in a cylindrical silo with a diameter of 330 mm 
and a height of 1m 
Figure 5.14 
The particle velocity measurements show that the velocity profiles in both experiments 
were reasonably symmetrical near the centre-line, see Figure 5.14. To relate the 
particle velocity profile to the particle flow in the silo, the highest velocity values are by 
definition negative. The particle velocities along the centre line were increased by the 
air suction because a slightly below atmospheric pressure of 0.01 bar was obtained in 
the experimental silo. Furthermore, the vortex created by the circulating air was 
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stronger when air was extracted and, therefore, particles were carried upwards with 
higher velocities. However, wall friction reduced the energy of the vortex and the 
particle velocity near the silo wall was less than along the centre line. 
5.1.3.8 Off-centre feeding of the experimental silo 
In this experiment, the feeding mechanism was moved to the periphery of the silo and 
the air was extracted from the centre position on the top plate, as shown in Figure 5.15. 
This experimental set up was close to that of industrial equipment, where material is fed 
from charging points at the periphery of the silo roof into the silo and the air is extracted 
from the centre. Applying the simplified dimensional analysis from equation (5.18) 
gives for the industrial feeding rate of around 700 kg/min an experimental feeding rate 
of 1.1 kg/min and the industrial air extraction rate of 60,000 I/min gives an air extraction 
rate of 96 I/min. A total mass of 1000 g was fed into the experimental silo and the 
material mass collected in the compartments was around 960 g. The content of fines in 
the feed was around 10%. Each experiment was repeated.. 
The mass in each compartment is shown in Figure 5.16. Most material deposited in 
compartment 7 because the feeding point was above compartment 7. The highest 
mass fraction of fines with around 20% was found in compartments 3,4 and 5 opposite 
the feeding point, see Figure 5.17. 
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Position of the feeding mechanism in the experimental cylindrical silo (front view/ 
dimensions in mm) is changed from the centre to the periphery of the top plate and the 
air extraction port is moved from the periphery to the centre 
Figure 5.15 
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1, for experiment one was 0.08 and for experiment two 0.09. Therefore, reproducibility 
was good as the amount of segregation was within 101/0 in the two experiments. 
Further research is necessary to investigate the relationship between the position of the 
feeding port and air current segregation. 
It can be concluded that the increase in the air extraction rate increases the probability 
that the particle jet breaks up and that the segregation of fines near the wall is reduced. 
These preliminary experiments revealed that the air extraction rate is an important 
process parameter, which affects the accumulation of fines near the wall and, therefore, 
air current segregation. 
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5.1.3.9 Water tests in an experimental cylindrical silo 
The aim of this experiment was to test the simplified dimensionless groups in a one to 
two scaled water model to the cylindrical experimental silo described above, where the 
feeding rate was 1.3 kg/min and the total air extraction rate 150 I/min. A cylinder with a 
height of 0.5 m and a diameter of 0.15 m was filled with water, as shown in Figure 5.18. 
Material was fed at around 0.5 kg/min into the water model and 37 I/min of water was 
extracted. Two funnels were centred on top of the silo to submerge the particles into 
the water. The upper funnel was fed with sand, and water was constantly filled into the 
lower funnel. Water was extracted from two points on the periphery of the top plate. To 
balance the amount of water in and out of the apparatus the volume flow rate was 
controlled by a water flow meter, which measured the water influx. The design of the 
feeding mechanism for the water model was not geometrically similar to the feeder of 
the experimental cylindrical silo. However, no other practical solution was available. 
The mass fraction of fine sand (particles smaller than 365 pm) was around 40 percent. 
After the sand ran through the funnel, it became a dispersed jet, which descended 
through the silo in a manner similar to a jet of alumina at high air extraction rates. Eight 
compartments at the bottom of the water model caught the submerged sand. The 
compartments were removed and the material weighed. In the next step, the particle 
size distribution of the sand was estimated with the laser diffraction analyser (Helos). 
One observation from the water model was that no dense particle jet occurred during 
the feeding and material was evenly submerged in the water. Therefore, the total mass 
of sand in each compartment was nearly the same, as shown in Figure 5.19. Another 
finding was that the mass fraction of fine sand was nearly constant in each 
compartment, as presented in Figure 5.20. 
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Set up of the water model scaled I to 2 to the alumina air silo in Norway 
Figure 5.18 
One difficulty was that dimensional and dynamical similarity between the water and the 
air experiment was not preserved because the feeding mechanism for sand particles 
differed from that of alumina particles. Hence, for future tests with alumina and sand 
particles, the same feeding mechanism should be used. Another reason why the 
results between the water and air experiments are different is that the particle size 
distribution and the mass fraction of fines between sand and alumina particles were not 
the same. 
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5.1.4 Conclusions 
It has been shown that experiments on air current segregation are repeatable. In the 
small-scale cylindrical silo, values for the segregation index in sets of nominally identical 
experiments were similar. The findings show a strong dependency between air current 
segregation and process parameters such as air extraction rate. The manipulation of 
the air extraction influenced significantly the accumulation of fines in the periphery of the 
2D-rack. The increase of the air extraction rate enhanced upward re-circulating air 
currents which spread more particles across the silo bottom and, thus, decreased air 
current segregation because of the remixing between fine and coarse material. The 
simplified scaling of the dynamic particle-air flow in the water model was provisionally 
positive. Further research should investigate the scaling method and the possibility of 
scaling experimental findings to industrial silos. 
5.2 THEORETICAL AND EXPERIMENTAL TESTING OF THE SCALING RULE FOR 
AIR CURRENT SEGREGATION 
5.2.1 Air current segregation in alumina storage silos 
For investigating ACS in the case study, fluidised alumina was fed centrally via an air 
slide into the silo. The silo air extraction rate (E) was 85 m3/min. The blower extracted 
air from the air slide and the storage silo at the same time. The estimated feeding rate 
(S) was 20 tonnes per hour. Four samples of alumina were collected when the storage 
silo was filled to 80% of its capacity. Two samples were taken near the silo wall and 
two one meter away from the silo wall. The samples were collected 20 cm below the 
heap surface with a sample stick, which samples a mass of around 200 g alumina. The 
mass fraction of fines (particles < 42 pm) in the feed was around 7%. Near the silo wall, 
it was for the first sample 32 mass percent and for the second sample 55 mass percent. 
One meter away from the wall towards the silo centre, the first sample had a mass 
fraction of fines of around 4 mass percent and the second sample 5 mass percent, In 
this silo, a high mass fraction of fines was separated from the main particle jet during 
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the silo filling and accumulated near the silo wall. To understand the reasons for the 
segregation of fine from coarse particles, the particle jet was video recorded during silo 
filling. Two main types of particle jets in the silo were observed. The dilute particle jet is 
the result of the wider than necessary inlet diameter in the silo top plate. The compact 
particle jet was obtained by installing an insert into the feeding unit, as shown in Figure 
5.25. The first type was a dilute particle air mixture. As a result, the fines were easily 
entrained into the circulating air currents, as shown in Figure 5.22 and Figure 5.23. 
Central filling point (top plate) of industrial silo before alumina is fed into the silo 
Figure 5.21 
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Particle jet during the filling of the industrial silo with alumina 
(break up of the dilute particle jet) 
Figure 5.22 
Figure 5.21 shows the silo top plate with the inlet of diameter 560 mm before the filling 
starts. The particle jet settles as a dust cloud in the silo, as shown in Figure 5.23: 
The spreading of the dilute particle jet after 10 m free fall into the silo 
Figure 5.23 
The second type was a dense particle jet which was compact and in which the amount 
of air between the particles was small. Therefore, it was difficult for more air to 
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penetrate the jet and the fine particles could hardly be entrained. The compact particle 
jet is illustrated in Figure 5.24- 
Particle jet after improving the silo opening (denser particle flow) 
Figure 5.24 
To investigate the observed particle jets experimentally in laboratory scale equipment a 
scaling rule is required to scale the dimensions of the silo and the dynamics of the 
particles in the two different sized units. 
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Powder filling unit connecting the air slide with the roof of the storage silo, the restrictive 
orifice plate in the photo was placed between two connecting flanges 
Figure 5.25 
5.2.2 Scaling rule based on dimensional analysis 
Since experiments in large-scale silos are difficult to conduct it is more convenient to 
investigate the functional relationship of governing parameters and their impact on ACS 
in laboratory equipment. Our present understanding of air current segregation in 
cylindrical silos suggests that the concept of dimensional analysi's i's capable to scale 
governing parameters from large-scale silos to laboratory equipment. The physical 
phenomenon (air current segregation) will repeat itself in different geometries when 
geometrical similarity is maintained (Barenblatt, 2003). Dimensional analysis has been 
applied to obtain three dimensionless groups in a simplified scaling rule (Zigan, 2007) 
that we will test in this paper. Therefore, the values for the governing parameters are 
obtained by scaling geometrical- and process parameters from the industrial silo to the 
laboratory equipment. The governing parameters and their units are listed in Table 5.3. 
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Symbol Description Dimensions Units 
E Air extraction rate [1 3 t-Ii M3/S 
s Feeding rate of alumina [13 VI] M3/S 
is Segregation index 
vt Terminal particle velocity [I t-Ij m/s 
R Silo dimension (radius) 
Independent parameters for the simplified dimensional analysis 
Table 5.3 
The segregation index is a function of the dimensionless ratios that are shown in 
equation (5.19): 
, 
(E R 2V, 
=j (sIs (5.19) 
The segregation index defined in equation (5.20) is modified in which it may seem that 
the square root of the previous definition is used. This makes it like a standard 
deviation whereas the previous definition was a kind of variance. Further changes in 
the segregation index were made in the definitions Of CL and ML, which are now based 
on all material that is collected in the compartments rather than on the material fed to 
the silo. The main reason for these changes is that experimental error in the 
measurement of the fines fraction of the feed was on occasions dominating the value of 
1. and this was misleading. 
The segregation index has been designed so that it approaches zero when the 
concentration of fines is similar in all areas of the silo. This is only the case when no 
segregation of fines from coarse particles occurs. Otherwise, the segregation index 1, is 
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a positive number and the larger it is the stronger the segregation. 1. is the mass 
weighted root mean square deviation in the content of fines. 
0.5 
Mi 
X 
[. 
El CL 
]2 
CL 
(5.20) 
ML 
ci= mass fraction of fines in the single compartment i 
M, = mass of powder in compartment i 
CL= mass fraction of fines over all compartments 
ML= total mass in all compartments 
The value for CL is obtained by dividing the sum of cl times Mi over each compartment 
by the total sum of Mi for all compartments. As a result, a value for CL is obtained that 
slightly differs from the value of the fine fraction in the feed. To test the scaling rule 
theoretically and experimentally, the numerical values of the governing parameters have 
to be changed. The scaling rule was theoretically tested by applying a computational 
model developed in the commercial software package Fluent. 
5.2.3 Theoretical testing of the scaling rule 
In this section, the collaborative work between Flavio Battistin and the author is 
presented. The ability of the standard software package Fluent (6.2.16) to recapture 
ACS in cylindrical silos is evaluated. In addition, it was decided to test whether there is 
a geometric and dynamic similarity as implied in equation (5.19). 
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There are two options for the simulation of particles in air within Fluent. In one option, 
the particles are modelled on a Lagrangian basis and in the other an Eulerian basis is 
used. The Lagrangian multiphase model was chosen for several reasons: (1) because 
the particles have known trajectories which can be examined, (2) because it allows 
collecting particles in certain areas of the silo and, thus, mimicking its compartments, (3) 
because it incorporates the effect of eddies in the air flow on the dispersion of alumina 
particles and (4) because it allows a particle size distribution and ACS cannot be 
modelled without at least two particle sizes in the simulation. Unfortunately, some 
important physical effects, some of which can be modelled in Fluent's Eulerian model, 
are not included in the Lagrangian model. The missing physical effects include: 
(1) the effect of collision between particles on the spreading of the jet and 
(2) the modification of the drag law between air and particles for the presence of other 
nearby particles (which is why Fluent help files do not recommend using the Lagrangian 
model for solids volume fractions larger than about 10%). 
However, in the Eulerian model only mono-sized particles can be chosen. 
First, the 3D- geometry of the experimental silo was designed by Flavio with the 
software package Gambit (2.3.16). 
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313- geometry of the experimental silo created in Gambit, the middle diagram shows a 
quarter of the silo only 
Figure 5.26 
Air oLd = Ali In 
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200111111 
213- geometry of the experimental silo with 3 compartments in the silo bottom 
Figure 5.27 
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The Gambit 3D- geometry is 1200 mm high and 380 mm in diameter. The arrangement 
of the 19 compartments in the silo bottom is the same as in the experimental silo. The 
centre compartment is with a diameter of 95 mm slightly larger than the other 
compartments, which have a diameter, of 60 mm. In the simulation, the air is extracted 
from four ports in the top plate with a diameter of 6 mm, which is the same as in the 
experiments. For low material feeding rates (0.05 kg/min), alumina powder is fed 
centrally through a circular'opening of diameter 3 mm. For high feeding rates 
(1.3 kg/ min) the circular opening is 13 mm. These two diameters, when combined with 
the respective flow rates, give approximately the same mass flux of particles into the 
simulation for both low and high material feeding rates. The flux is about what is 
expected at the plane in the experiment. In the simulation, the particles are released 
from 26 injection points within these circles. The total opening at the centre of the 
simulation is 27 mm in diameter, the same as in the experiment, with air entering freely 
where the particles do not. Air and particles enter simultaneously the silo. 
Convergence of the simulations is more difficult for higher feeding rates of alumina. 
Due to the systematic particle flow in the 3D- geometry, an axis- symmetric 2D- half 
plane is created, as shown in Figure 5,27. In the 2D- geometry, the air is extracted from 
Z 
a circular slit and the falling particles are collected in three circular troughs. 
The Rosin-Rammler distribution is chosen for the particle diameter setting in Fluent to 
obtain a size distribution similar to the alumina used for the experiments. The 
parameters used in Fluent are given in Table 5.4. The mass fraction of fines (particle 
smaller than 42 microns) in the feed is 8%. The particle size distribution of alumina 
powder is measured with a laser diffraction unit (Sympatec/Helos with the dispersing 
system Rodos). The values from the experiment and from the Fluent calculation are 
shown in Figure 5.28. 
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Parameter Numerical value 
Minimum diameter (dmin) in pm 2 
Maximum diameter (dn.., ) in prn 285 
Mean diameter' (dmean) in pm 102.6 
Spreading factor2 (ns) 
Number of diameters 
2.73 
19 
Particle parameters for the Rosin-Rammler distribution In Fluent 
Table 5.4 
There is a good agreement of the cumulative particle size distribution between the 
alumina powder used in the experiments and the distribution calculated by Fluent, as 
shown in Figure 5.28. 
After all the other parameters were set in Fluent (see the list in the Appendix B 4), the 
simulation was run for 15 seconds before the sampling of material falling into the 
compartments started. It can be shown, that after 15 seconds the number of parceIS3 
entering the silo was the same as those that escape from the silo. Therefore, the 
system was in steady state. The particles escaping through the outer, middle and 
centre compartments were sampled for ten more seconds and the data were written in a 
log file. 
1 For calculation of mean diameter see the Fluent help file 
2 For the calculation of ns see the Fluent help file 
3 Fluent uses Parcel to inject the same number of each size of particles (same particle size distribution) 
in all injection points on the silo top plate 
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experiments with values calculated by Fluent for the simulation 
Figure 5.28 
After finishing the sampling, the mass fraction for each particle size interval was 
calculated by exporting data to an Excel spreadsheet. Furthermore, the surn of the 
fines in all outer, middle and centre compartments was obtained. For one case, 
simulated in the 3D- geometry, around 220 000 particles were tracked which escaped in 
10 seconds through all compartments in the silo bottom (Battistin, 2007). 
Because alumina particles are highly porous, the particle density is difficult to measure. 
The particle density can be as low as 1500 kg /M3 but the alumina producing companies 
quote values between 2000 and 2800 kg/M3 on the alumina 4 data slip. The particle 
density was measured by the displacement method of Richards et al. (1966). The 
Alumina powder was sourced from Hydro Aluminium, Norway 
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particle density cannot be obtained by water displacement because water fills the micro 
pores. Instead, vegetable oil was used because it does not wet the alumina particles. 
The oil displacement method gave a particle density of 2100 kg/m3 ± 100 k g/M3 . 
This 
value is between 1500 and 2800 k g/M3 as quoted by companies producing alumina. It 
was decided to test the effect of different particle densities on the simulation. Three 
simulations with 1500,2000 and 2800 kg /M3 were conducted in the 2D- geometry and 
two simulations with 1500 and 2000 k g/M3 in the 3D- geometry. The chosen air 
extraction rate was 100 I/min and the feeding rate was 0.05 kg/min. The simulation was 
carried out by Battistin (2007) and results are plotted in Figure 5.29 and Figure 5.30: 
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Figure 5.29 
123 
CHAPTER5: Results ftom experin wi its at id simulafiw i.,; 
100 
go 
80 
.0 70 10 
60 
50 10 
(9 . 
E 40 
w 2 30 
20 
E 
E 10 
oTII 
0 20 40 60 80 100 120 140 
Particle diameter [microns] 
ODensity 1500 kg/ m3 m Density 2000 kg/ m3 
Cumulative mass fraction in outside compartments for particle densities of 1500 and 
2000 kg/M3 in the 3D- simulations 
Figure 5.30 
As the particle density increases, Fluent predicts that the particle size distribution in the 
outer compartments shifts to the left, which means that air current segregation 
pronounces as the density of the particles increases. The density of 2000 k g/M3 from 
the Fluent simulation equals the particle density obtained by the displacement method. 
Visualisations plotted in Fluent are reproduced in the Appendix B 4. They show the 
spreading of the jet and the way in which finer particles are taken from amongst the 
coarser particles by the air currents (winnowing). 
5.2.4 Experimental investigation of ACS 
Experiments in the laboratory apparatus were conducted to test the simplified 
dimensional analysis, as presented in equation (5.19). The segregation index should 
change its numerical value consistently in response to changes in the numerical value 
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in each dimensionless group. The experiments covered a range of air extraction rates 
and feeding rates. By scaling down both industrial parameters by a factor of 25, the 
maximum values for the experiments were obtained. The smaller values of the particle 
feeding rates were chosen to cover the range where the particle jet breaks up. A 
diagram of the apparatus is shown in Figure 5.31: 
19 compartments 
are placed in the silo bottom 
12 in the outer circle 
1 central compartment 
6 compartments between centre 
and outer ring 
The cylindrical experimental silo with one central filling point, four symmetrically placed 
air extraction points in the top plate and 19 compartments in the silo bottom which catch 
the settling material 
Figure 5.31 
The material is collected in 19 compartments that are evenly distributed in the silo 
bottom. The experimental silo is filled centrally. 
Hopper fed centrally with alumina 
four air extraction points in top plate 
JL 
Circulating air C 
- t Lin the silo I. -0 -- 00 
tDO 0 
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Mass flow rates and orifice diameters predicted by the Beverloo correlation and 
measured experimentally 
Figure 5.32 
In Figure 5.32, the comparison between the predictions and the measured values for 
the dense and dilute particle jet is presented. The Beverloo correlation predicts well the 
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diameter for the plate with one hole. The values for the dilute jet, the plates with 7 holes, 
are slightly over-predicted by the Beverloo equation. This may be due to the fact that 
alumina is a 'fine material' according to the definition of Crewdson et al. (1977). Fine 
materials are known to have lower flow rates than predicted by the Beverloo equation 
because of the adverse air pressure gradient caused by the expansion of the material 
as it shears on approaching the outlet. 
There is an observable difference in the particle jet when material is fed only through 
one orifice as opposed through more than one opening. When material is fed through 
one orifice, the particle jet is compact and coherent all the way down to the silo bottom, 
as shown in Figure 5.33. The particle jet is more dilute and breaks up more easily when 
material is fed through 7 holes, as shown in Figure 5.34. 
Flow reduction plate with one opening produces a dense particle jet (feeding rate 0.05 
kg/min and air extraction rate 100 I/min) 
Figure 5.33 
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Flow reduction plate with seven openings produces a more dilute particle jet which 
breaks up after 50 cm (feeding rate 0.05 kg/min and air extraction rate 100 I/min) 
Figure 5.34 
It can be observed during the experiment that circulating air currents carry more fine 
material when the particle jet breaks up. 
5.2.5 Results and discussion 
Four experiments were conducted to test the repeatability of the experiment. They 
showed that the values for all experiments were similar. Alumina was fed centrally into 
the silo with a feeding rate of 1.3 kg/min and air was extracted at four points on the silo 
top plate at a total flow rate of 100 Ilmin. The total mass of alumina powder poured into 
the silo was around 2 kg. Figure 5.35 shows the material masses which accumulated in 
each compartment of the experimental silo. For reasons of clarity, only data obtained 
from three experiments are shown. 
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Figure 5.35 shows that the masses in each compartment are similar for the three 
experiments. Compartment 1 is the central compartment. Compartments 2 to 7 are in 
the first ring. There is a natural variation in the jet, which can take it off centre, and this 
can be in a random direction. Therefore, variations within a ring are not very significant. 
The content of fines in each compartment is given in Figure 5.36. It is very much the 
same for the three experiments. The values of segregation index for all four 
experiments conducted are with 0.10,0.08,0.10 and 0.08 similar. Their average value 
is 0.09 and the standard error is 0.006 or less than 7%. The experiments are 
reproducible; small variations are found which can be attributed to experimental error 
and a small natural variation in the phenomenon. 
The influence of the dimensionless groups of equation (5.19) was next explored by 
varying the air extraction rate and keeping the feeding rate constant. By fixing the 
feeding rate, also the second dimensionless ratio (R 2Vt/S) of equation (5.19) is kept 
constant. 
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Figure 5.37 
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For each powder feeding rate 0.05,0.2,0.9, and 1.3 kg/min, experiments with air 
extraction rates of 20,60, and 100 I/min were conducted. Following the relationships 
implied in equation (5.19), the results were plotted as 1, vs. E/S at constant R2vt/S in 
Figure 5.37. The data in Figure 5.37 support the conclusion that the solids feeding rate 
influences significantly the segregation in the silo. By decreasing the feeding rate, the 
segregation of alumina in the experimental silo increases. This finding can partly be 
explained by the observed break up of the particle jet for low feeding rates, which 
enables more fine material to be carried away from the centre with the circulating air 
currents. The effect of E/S is less strong, with a mild decrease in segregation as the 
ratio of air extraction rate to solids flow rate is increased. 
In the next experiment, the effect of the coherence of the particle jet on air current 
segregation was investigated. Experiments were conducted using the plates with one 
hole (compact particle jets) and plates with seven holes (dilute particle jets). 
10 180 ý1 1000 
'a 
A 
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A 
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EIS [1 
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El S (1.3 kg/min)-dilute jet oS (0.2 kg/min)-dilute jet 
Comparison between segregation indices for dilute and dense particle jets 
Figure 5.38 
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Four different sets of data were produced for the three different air extraction rates 20, 
60 and 100 I/min respectively. The feeding rates for the experiments representing the 
dense particle jet and the dilute particle jet were 0.2 and 1.3 kg/min. Figure 5.38 shows 
the difference in the segregation index for a dilute and dense particle jet. The 
segregation is higher for the dilute particle jet than for the dense particle jet. This result 
is not surprising because it is easier for the air currents to pick up material, which is in a 
dilute state than that in a dense phased jet. The highest feeding rate is the scaled down 
value from the industrial silo. Therefore, using a feeding mechanism that leads to a 
dense jet for the industrial silo will probably help to reduce air current segregation in the 
industrial silo. 
Finally, the data from the Fluent 3D- simulation were compared with the experiments in 
which the plates with one hole were used. The solids feeding rates were 0.05 and 1.3 
kg/min. The air extraction rates were 20 and 100 I/min. The results are presented in 
Figure 5.39: 
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From Figure 5.39, we can conclude that the simulation model compares surprisingly 
well with the segregation in the silo. In terms of the exact values for 1. this is probably a 
misleading correspondence for reasons outlined previously. It seems to be a 
cancellation of two almost equal and opposite errors, i. e. the effect of collisions between 
particles and the way the drag force is defined in Fluent. However, in respect of trends, 
the simulations are probably more trustworthy. They show that segregation increases 
as the solids flow rate decreases (i. e. the relevant effect of the second dimensionless 
group in equations (5.19) and that the segregation decreases as the ratio E/S is 
increased (i. e. air extraction helps more at low feeding rates). 
5.2.6 Conclusions 
1 Experiments in the laboratory on air current segregation are sufficiently 
reproducible to be meaningful. 
2 Experiments show that the powder feeding rate influences air current segregation 
in laboratory scale silos. 
3 Air current segregation in the laboratory was less strong with a feeding 
mechanism that produced a dense particle jet at a high feeding rate. Observations in 
an industrial silo suggest that a similar effect is likely in industrial sized equipment. 
4 An increased air extraction has a mildly positive effect on segregation in the 
laboratory scale equipment. 
5 Air current segregation can be simulated using the Lagrangian model in Fluent. 
The simulations are remarkably similar to the laboratory scale experiments. This may 
be a coincidence because some key physics are missing from the Lagrangian model. 
The simulations can, with much greater confidence, be used to predict the right trends. 
6 Air current segregation in industrial silos deposits fine material in high 
concentration near the wall of the silo. 
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CHAPTER 6 
FURTHER RESULTS ON PARAMETER TESTING 
This chapter presents further results of experimental investigations. A correlation for 
the simplified three-group dimensional analysis is developed. Then, alumina powder 
from different suppliers is analysed and the dependency of the segregation index on the 
fines fraction explored. Further, results show the effect of the silo height on ACS. The 
segregation index is evaluated for tests in similar laboratory cylindrical silos with a 
different number of compartment rings in the silo bottom. The simplified three-group 
dimensional analysis is evaluated by experiments in different sized silos and results for 
the segregation of sand particles in water and alumina particles in air are discussed. 
Moreover, Fluent simulations in a 2D- geometry of sand particles in water and alumina 
particles in air are presented. 
6.1 CORRELATION f3ETWEEN THE THREE GROUPS OF THE SIMPLIFIED 
DIMENSIONAL ANALYSIS 
The simplified three-group dimensional analysis, defined in equation 5.18, incorporates 
both the relevant process parameters and the segregation index and, thus, the 
development of a correlation between the three dime 
' 
nsionless groups would be 
valuable. The empirical correlation could be used to predict ACS for different sized 
equipment and for different process parameters. The following procedure was applied 
to establish the correlation between the three dimensionless groups from a grid of 
experimental results. Experiments with four different feeding rates (S) and three 
dissimilar air extraction rates (E) were conducted. When plotting the results of the 
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experiments in a diagram (logio of the dimensionless group (E/S) vs. the loglo of the 
segregation index (Q), almost flat lines were obtained, as shown in Figure 6.1. The flat 
lines indicate that the effect of the air extraction rate on ACS is minute in comparison to 
the powder feeding rate. The third dimensionless group (R 2Vt /S) was constant for each 
set of experiments with the same powder feeding rate. For each of the four lines in 
Figure 6.1, linear equations of the form of equation (6.1), can be found by the method of 
least squares, where y is the loglo Is and x is the logio (E/S). One advantage of this 
form of equation is that it cannot predict negative values for Is. 
log 10 1, =a, +a2 '10910 
E (S) (6.1) 
The values of a, and (X2 in equation (6.1) are constants and are estimated in the next 
step. Since all the lines had nearly the same slope, it was decided to use the average 
value Of CE2 from the four lines from Figure 6.1. The average value obtained for a2 is 
-0.16 and the standard error is ± 0.06. Although the value for a2 is close to zero, the 
standard error suggests it is different from zero and, therefore, the effect of E/S cannot 
be eliminated in the correlation. 
log 10 1, = a, - 0.16 - logio 
(E) 
s 
(6.2) 
New values for a, were calculated from equation (6.2) and fitted to the four lines by the 
method of least squares. The resulting values of cc, were then plotted versus the third 
dimensionless group S/R 2Vt (Figure 6.2). The points form a straight line within the error 
bars. The ultimate correlation for Is is presented in equation (6.3). 
log 10 1. = 
-0 * 5452x S-0.5636 - 0.16 -log (6.3) R 2V 
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The correlation in equation (6.3) can be used to predict ACS in different sized 
equipment. Further research has to test the applicability of the correlation for industrial 
storage units. 
Since the effect of the dimensionless ratio (E/S) is mild for the range of process 
parameters chosen for the experimental investigations, it would be more revealing to 
plot the segregation index Is vs. the third dimensionless group R2v1/S where the terminal 
velocity vt was calculated for the mass-median-diameter X50 of alumina (type H). The 
results from experiments with different feeding rates and air extraction rates are 
presented in this new way in Figure 6.3. Further, results from the experiments with 
sand particles in water and alumina particles (smaller than 90 microns) in air are plotted 
in Figure 6.3 to show that there is a difference in the values caused by different material 
properties (section 3.3.1). 
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Figure 6.3 confirms that the effect of E/S is small and that this form of plotting results 
yields a good comparison between process parameters and ACS on a two group basis. 
6.2 EXPERIMENTS WITH ALUMINA POWDER HAVING DIFFERENT FINES 
FRACTIONS 
There are several producers of alumina powder in Europe. All experiments so far have 
been conducted with alumina made by Norsk Hydro (type H). The alumina powders 
from three different suppliers have different particle size distributions. Thus, they were 
used to explore the relationship between the definition of fines in the material (section 
3.2.4) and the segregation index. One way of evaluating different types of alumina is to 
compare them to a predicted behaviour of standard aluminat, i. e. alumina (type H). The 
experiments were conducted in the experimental silo in England (section 3.2. ). The air 
extraction rate was 100 11min and the solids feeding rate 0.8 kg/min. Alumina from two 
suppliers (alumina type A and type E) had'a concentration of fines of around 20 percent 
and the standard alumina (type H) of around 6 percent. The values of the segregation 
index (I. ) for the three alumina powders are presented in Table 6.1. The value of 1. for 
the alumina (type H) was 0.17, for the alumina (type E) I, was 0.11 and for the alumina 
(type A) Is was 0.29. Therefore, it seems that the particle size distribution matters. In 
the next step, it was decided to reanalyse the data to see if the segregation index is 
similar for the three alumina powders when the mass percent of fines in the three 
powders is kept similar (around 6 percent). Consequently, the definition of fines for the 
alumina (type E) was changed from 42 to 25 microns that gave a content of fines of 
about 6 percent, the same as for alumina (type H). For alumina (type A), the defining 
particle size was reduced from 42 to 18 microns because then the fines fraction was 
around 6 percent. 
* Alumina (type H) was chosen because this alumina was most often used in the experiments 
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Alumina Mass fraction of 
fines 
Fines definition 
[microns] 
Segregation index 
Is 
Type H 6 42 0.17 
Type E 20 42 0.11 
6 25 0.22 
Type A 20 42 0.29 
6 18 0.39 
Comparison of the segregation index for different types of alumina powder with different 
fines fractions and definitions of fines 
Table 6.1 
The new definition of fines for alumina type (E and A) was used to recalculate the 
segregation index for these materials. The values for Is are presented in Table 6.1 and 
it can be seen that both types of alumina (E and H) are alike within the experimental 
error of 10 percent. The alumina (type A) is different from the alumina (type H). This 
difference can partly be explained by the dustiness of the alumina powder (type A), 
which was observed during the experiments. The dustiness was a result of the high 
fines fraction in the material. Thus, a significant amount of fines was entrained into the 
circulating air currents and carried towards the silo wall. During the experiments, it was 
further observed that ' glugging ' of the particle jet occurred which created a 
disturbance of the particle jet. Alumina (type A) showed mild cohesion when being 
handled. Cohesion of alumina (type A) has been measured and is reported in Appendix 
A3. The dimensional analysis, conducted in section 5.1.3.2, assumes that alumina is 
free flowing and, thus, it is not surprising that alumina (type A) has a different 
segregation index. 
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6.3 EXPERIMENTS WITH SIMILAR ALUMINA BUT DIFFERENT SILO HEIGHTS 
In this investigation, the drop height of material was varied by using two, three and four 
silo segments (section 3.2). Process parameters, such as powder feeding rate and air 
extraction, were kept constant. For these experiments, alumina (type A) was used 
because alumina (type H) was finished and no material could be re-ordered. Around 1 
kg alumina with a fines fraction (particles smaller than 42 microns) of around 15 percent 
was poured with a feeding rate of 0.8 kg/min into the silo. Air was extracted at four air 
extraction ports at 100 I/min. 
6.3.1 Experimental investigations with two silo segments 
Investigations in the experimental silo were carried out in the silo with two segments. 
The filling height was around 0.8 m. During the experiment, it was observed that the 
particle jet did not break up and, thus, only a small amount of fines was carried out of 
the jet by air currents. The powder masses that accumulated in the compartments are 
listed in Figure 6.4. In the two outside rings, a particle mass of 0.028 kg accumulated. 
In addition, the highest content of fines (around 60 percent) was found in the outside 
ring (pots 7 to 19). The content of fines in the central pot (1) was around 12 percent, as 
shown in Figure 6.5. A total segregation index of 0.19 was obtained. 
6.3.2 Experimental investigations with three silo segments 
The height,, of the silo was around 1.2 m. One observation during the experiment was 
that the particle jet did not break up. Another observation was that many fine particles 
were circulating in the air currents as a dusty cloud. The powder mass, which 
accumulated in the central compartment (1), was around 0.75 kg and in the two outside 
rings 0.092 kg. The material masses in each compartment aregiven in Figure 6.4. The 
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content of fines was highest in the compartments in the outside ring (pots 7 to 19) and 
the lowest value for the content of fines was found in the central pot (1) with 13 percent. 
The content of fines in each pot is shown in Figure 6.5. A segregation index of 0.21 
was obtained for the experiment with three segments. 
6.3.3 Experimental investigations with four silo segments 
Experiments with four segments gave a total silo height of 1.6 m. During the filling of 
the experimental silo, it was observed that the particle jet did break up around 30 cm 
above the silo bottom. This supported the entrainment of fine particles into the air 
currents and, therefore, the dustiness in the experimental silo. The total powder mass 
that accumulated in the central compartment (1) was around 0.62 kg. In comparison, 
the powder masses in the compartments of the two outside rings were around 0.13 kg. 
The powder masses accumulated in each compartment are shown in 
Figure 6.4. The masses in the second ring (pot numbers 2 to 6) were slightly higher 
than the masses in the pots from the outside ring (numbers 7 to 19). However, the 
lowest masses were found in compartments (12 and 13/ outer ring). The highest 
concentration of fines in the pots was around 40 percent and all values are shown in 
Figure 6.5. The segregation index estimated for the experimental set up was 0.27. 
It can be summarised, that the experiments with two, three and four segments showed 
that material masses in the compartments of the middle and outer rings amplified with 
increasing silo height (Figure 6.4). One reason for the higher masses in the outside 
compartments in the experiments with four segments was the break up of the particle jet 
which increased the value for the segregation index. It can be concluded from the 
experiments that an increase of the powder filling height from 0.8 rn to 1.6 rn increased 
the segregation index from 0.19 to 0.27 and, thus, ACS amplified in the experimental 
silo. This result is consistent with qualitative findings of Carruthers (1987). 
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6.3.4 Dependency of the segregation index on the number of compartment rings 
in the silo bottom 
The number of compartments in the two almost geometrically similar silos in Norway 
(section 3.1) and England (section 3.2) was chosen at will. Different values for the 
segregation index could be assumed, when tho number of rings of compartments 
increases since the powder mass in the compartment as well as the fine fraction in each 
pot depends on its distance from the centreline of the silo. Thus, it has yet to be shown 
that the number of compartments has no significant influence on the segregation index, 
defined in equation (5.2) in section 5.2.4. The experimental silo in Norway had eight 
compartments (7 outer pots and a centre compartment) and the experimental silo in 
England had 19 compartments (18 outer pots in two rings and a centre compartment). 
The total area of the silo bottom in the Norwegian and the English laboratory silos was 
with 0.1 M2 alike. The "surface area" of the silo bottom, which was not occupied by 
compartments, can be calculated by subtracting the area, which was covered by 
compartments from the total area of the silo bottom. A value of 0.06 M2 was obtained 
for the surface area of the Norwegian silo and 0.05 M2 for the experimental silo in 
England. The "surface area" of the two silos was quite similar and, therefore, the mass 
of material accumulating between the compartments and the total mass collected in the 
pots of the two experimental silos should be the same. 
Experiments with the same parameter settings were conducted in Norway and England. 
The powder feeding rate was 1.3 kg/min and the air extraction rate was 150 I/min. A 
mass of 1 kg alumina (type H) with a calculated fine concentration of around 11 mass 
percent was poured centrally into the experimental silo in Norway. The calculated mass 
fraction of fines for experiments in England was around 8 percent. 
The analysis of the data showed that a total particle mass of 0.99 kg accumulated in the 
pots of the Norwegian silo. In the experimental silo in England, a total material mass of 
0.94 kg was captured in the pots. This gives a difference of masses in the pots of the 
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two silos of around 3.5 percent. The distribution of particle masses in the compartments 
is shown in Figure 6.6. Now, the averaged content of fines in the two different silos can 
be compared. The differences of the content of fines in the two silos are shown in 
Figure 6.7. The segregation index Is obtained for both experiments was 0.05. This is a 
positive result. However, since the fines fraction was different in the two silos, the same 
value for Is can be caused by other effects, e. g. the asymmetric particle jet. 
The fines fraction in the compartments affects the outcome of the segregation index and, 
thus, it is advisable to compare the spreading of the particle jet in the experimental silos 
in Norway and England. Therefore, a spreading factor was calculated: 
Mi - r, SF = -ZMi 
h 
(6.4) 
where SF is the spreading factor, Mi is the powder mass in compartment i, rc is the 
distance between the centre of the compartment and the silo central axis and h is the 
silo height. 
The spreading factor gives valuable information about the particle jet, which helps to 
assess the segregation in the experimental silo. The spreading factor calculated for the 
silo in England was 0.04 and for the Norwegian silo 0.03. These results show that 
particle jets spread similar in the English and Norwegian silos. 
It can be concluded that no experimental evidence could be found which showed that 
the number of compartments have a significant effect on the segregation index. The 
values for the segregation index and the spreading factor obtained for the two silos 
were similar. 
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6.4 EVALUATION OF THE SIMPLIFIED THREE-GROUP DIMENSIONAL 
ANALYSIS 
One important aspect of the dissertation was to show if the simplified three-group 
dimensional analysis contains the physics required to quantify ACS in different sized 
silos. The dimensional analysis (DA) suggests that the dynamic of the particle airflow is 
similar in different sized equipment. To test the simplified three-group dimensional 
analysis, experiments were conducted in the experimental silo in Norway and in a one 
to two scaled water model in England, as described in sectiori 3.3. The findings from 
the tests can shed light into the possibility to scale dynamics of the particle fluid flow 
because the properties of air and water, such as densities and viscosities, are different. 
The test of the simplified three-group dimensional analysis in water is complex because 
the density change between water and air exceeds the change of the particle densities 
by a factor nearly as high as 1000. For the water experiments, sand was used instead 
of alumina powder. The use of sand had some advantages. Sand does not change the 
properties, such as particle density, when exposed to water. Alumina particles 
submerged in water would increase their density because of the porosity of the material. 
In addition, there is no change in the sand composition (the content of fines remains the 
same). This could be different for alumina powder in water because particle 
agglomerates could break and create more fines. It was decided, that single particles 
(sand and alumina) should settle with a similar terminal velocity in the fluid, as shown in 
section 3.3.1. 
6.4.1 Qualitative evaluation of the meaning of the simplified three-group 
dimensional analysis 
To test whether the simplified three-group dimensional analysis is meaningful, the 
comparison of the particle jets between the water silo, the experimental silo in England 
and the industrial silo in Germany can give information about the particle flow. The 
dimensions of the industrial silo were 30 rn in height and 10 m in diameter. The powder 
feeding rate was 50 t/h and the air extraction rate of 75 m3/min. The photograph of the 
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falling alumina stream in the industrial silo (Figure 6.10) was obtained by video 
recording the particle jet during the silo filling. The scaling factor between the industrial 
silo in Germany and the experimental silo in England (section 
' 
3.2) was 25. Applying the 
scaling rule (section 5.1.3.2, equation 5.18), the powder feeding rate for the silo in 
England was 1.3 kg/min because the dimensions of the silo were scaled by a factor of 
25, and, thus, the powder feeding rate was scaled with the factor 25 to the power of 2. 
The same scaling rule was applied for the air extraction rate and a value of 120 I/min 
was obtained. 
A scaling factor of 2.5 was chosen between the experimental silo and the water silo. 
Therefore, the sand feeding rate in the water silo was 0.2 kg/min and the water 
extraction rate 20 I/min. When comparing Figure 6.8 with Figure 6.9 it has to be 
considered that the particle jet in Figure 6.9 was magnified by a factor of four (refraction 
between the water in the tank and the surrounding air). Therefore, the voids in the 
particle jet in the water silo appeared to look larger than they actually were. In the water 
silo, (Figure 6.9) fine sand particles were circulating with the fluid. The shiny top part in 
the water silo (Figure 6.9) was the top plate, which was illuminated by a light source 
placed above the water tank. It can be observed when comparing the appearance of 
the particle jets in the water silo (Figure 6.9) and the industrial silo (Figure 6.10) that 
they look similar. The particle jets in both units were dilute and the edges of the particle 
stream were quite uneven and not parallel as in the experimental silo. In the industrial 
and the water silos, a cloud of fine particles was hovering near the particle stream and 
circulating fluids could easily pick up fine particles and carry them away from the central 
particle jet. It can be assumed, that the segregation index would be similar for these 
two experiments. 
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Alumina stream into the experimental 
silo in England (feeding rate 1.3 kg/min 
and air extraction rate 120 I/min) 
Figure 6.8 
Sand fed centrally into the water silo 
(feeding rate 0.2 kg/min and water 
extraction rate 20 I/min) 
Figure 6.9 
Alumina fed into the industrial silo (feeding rate 50 t/h and air extraction rate 75 M3 /min) 
Figure 6.10 
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Comparing the particle jet of the water silo (Figure 6.9) with the particle jet of the 
experimental silo in England (Figure 6.8), it can be seen that the two particle streams 
were slightly different. The edges of the particle jet in the experimental silo in England 
were nearly straight and almost no material escaped from the settling particle stream. 
Consequently, the segregation index in the experimental silo in England is likely to be 
lower than in the water silo. 
The particle jets in the experimental silo in England (Figure 6.8) and the industrial silo 
(Figure 6.10) were not very alike either. In the experimental silo, the particle jet was 
compact and in the industrial silo the particle stream was more dilute. This difference in 
the particle jets can be partly explained by the fact that material entering the industrial 
silo was fluidised by the air slides before it was poured into the silo. Consequently, air 
was entrained in the particle jet, which increased the voids between the particles in the 
falling particle stream. 
6.4.2 Quantitative evaluation of the meaning of the simplified three-group 
dimensional analysis 
Another way of testing the three dimensionless groups is to quantify the segregation in 
two geometrically similar silos. The segregation index in both silos should be similar. 
This test was performed in the water silo, described in section 3.3, and the laboratory 
silo in Norway (section 3.1). 
6.4.2.1 Experiments in the water silo 
The geometry of the water silo was scaled down from the experimental (air) silo in 
Norway by a factor of two. According to the scaling rule (equation 5.18) the water 
extraction and powder feeding rate in the water model had to be a factor four smaller 
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than in the air silo. The results from the water silo can be compared with experimental 
data from the silo in Norway. The sand used in the water silo was sieved to obtain a 
fine fraction similar to the content of fines in the alumina used for the comparative study 
in the air silo in Norway (section 3.3.1). A total mass of 0.25 kg sand was discharged 
from the feed hopper with a feeding rate of 0.2 kg/min into the water silo. The water 
extraction rate was 4 I/min. After the sand particles settled on the silo bottom, the sand 
in the seven pots was examined. A photograph (Figure 6.11) of the seven 
compartments was taken. The largest compartment in the centre corresponded to the 
central compartment in the water silo. Coarser sand particles (dark brown colour) were 
mostly found in bottles with high particle masses. In bottles with lower particle masses 
a larger amount of fine particles (white colour) were found. The degree of separation of 
coarse and fine sand was influenced by the fluid flow. Thus, stronger water circulation 
pattern in certain areas of the silo carried larger particles away from the central jet. 
Accumulated masses in 7 compartments (feeding rate 0.2 kg/min and water extraction 
rate 4 I/min), the largest compartment was in the centre 
Figure 6.11 
The masses in the outer ring (pots 1-6) fluctuate around 10 g. The fraction of fines in 
the outer ring and the centre pot are presented in Figure 6.13: 
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Figure 6.13 
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The calculated segregation index for the water experiment was 0.22. No dense particle 
jet could be observed in the experiment. As a result, a large amount of sand (half the 
mass of sand poured into the silo) accumulated between the pots on the silo bottom 
plate. Experiments in the air silo in Norway (section 3.1) can be conducted and 
compared with the water silo. 
6.4.2.2 Experiments in the air silo in Norway 
The bottom plate of the water silo was similar to the experimental silo in Norway with 
one outer ring of pots and one central compartment. The alumina (type H) was sieved 
and only the fraction, particles smaller 90 microns, was used for the experiment in air 
(section 3.3.1). The content of fines for the material was around 17 percent. Alumina 
was poured at 0.8 kg/min centrally into the air silo. The air extraction rate was 16 I/min 
and air was extracted only on two ports on the silo top plate, the same as in the water 
model. 
1000 
100 
E0 
. cc 10 00 
000 
02468 
Compartments 
Material mass accumulated in compartments I to 7 (outside ring) and 8 (central ring), 
(feeding rate 0.8 kg/min and air extraction rate 16 I/min) 
Figure 6.14 
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The accumulated powder mass in all eight compartments is plotted in Figure 6.14. 
Figure 6.14 shows that the masses accumulated in the outside compartments were very 
similar in each compartment. Furthermore, the particle masses in the outside ring were 
with around 10 g similar to the water experiment. This indicates that the particle flows in 
the air silo and the water experiment were slightly different because geometric similarity 
between the two silos would require that the material accumulated in the outside ring of 
the water silo is a factor 4 smaller. The fraction of fines that accumulated in the eight 
compartments is given in Figure 6.15: 
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Mass fraction of fines in compartments 1 to 7 (outside ring) and 8 (central pot), 
(feeding rate 0.8 kg/min and air extraction rate 16 Ilmin) 
Figure 6.15 
The fine fraction in the outer ring of the air silo was around 25 percent. In the water silo, 
the fine fraction in the outer ring was around 30 percent. Hence, the values in the water 
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experiment and the air silo were similar. In the central compartment number 8, a fine 
fraction of around 16 percent was measured in the air silo. This value was much higher 
than in the water experiment where the fraction of fines in the central compartment was 
only around 6 percent. This is another indicator, that the physics of the two particle jets 
were slightly different between the experiments in the water and air silo. However, the 
estimated segregation index for the air silo was with 0.16 not significantly different from 
the water experiment with a segregation index of 0.22. In the next step, the spreading 
factor was calculated for the experiments in air and water. The spreading factor for the 
water experiment was 0.08 and for the air experiment 0.04. Thus, the difference was 
with 50 percent quite significant. 
It can be concluded that applying the simplified three-group dimensional analysis to the 
water silo and the air silo gave similar values for Is. However, the spreading factor was 
much higher with 0.08 for the water silo than for the air silo. This implies that the fluid 
dynamics acting on the particles in the powder streams were slightly different in the 
water experiment and the air silo. It has to be noted that this test for the simplified 
three-group dimensional analysis was demanding because all properties of the fluid and 
the particles were lumped in only one parameter (the terminal velocity of the particles). 
6.4.3 Computational tests of the simplified three-group dimensional analysis 
A different way of testing the similarity of the dynamics of sand particles in water and 
alumina particles in air is to use a Computational Fluid Dynamics (CFD) software 
package, such as Fluent, and simulate the particle flow in air and water. Two CFD 
simulations were run in a 2D- half plane, which was of the same dimensions as the 
experimental silo in England. The 2D- geometry was created with the software Gambit; 
the half plane is shown in Figure 6.16: 
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213- half plane geometry of the silo (England), (left: alumina particles in air, right: sand 
particles in water), the particle feeding point is near the centre line 
Figure 6.16 
The Gambit 2D- half plane geometry was 1.2 rn in height and 0.19 rn in width. The fluid 
and the particles entered simultaneously the silo through a slit of 0.013 m. The feeding 
rate of alumina and sand particles was around 0.03 kg/min (values were selected at will). 
The fraction of fines in alumina and sand was around 17 percent. The pressure outlet 
for the fluid (water / air) was in the top left corner of the 2D- geometry. The fluid 
extraction rate was around 20 I/min. 
To obtain a particle distribution similar to the alumina and sand used in the experiments, 
as described in section 3.3.1, the Rosin-Rammler distribution was chosen as option in 
Fluent. More parameters used for the simulation in Fluent are given in Table 6.2. In 
addition, more information about the boundary conditions and the turbulence model 
used in the simulation can be found in Appendix B. 
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Parameters 
Numerical values Numerical values 
Sand Alumina 
Minimum diameter (dmin) in prn 90 2 
Maximum diameter (dn, ý. ) in pm 2000 64.9 
Mean diameter (dmean)5 in pm 1157 52 
Spreading factor (ns) 1.15 0.42 
Number of diameters 55 
Particle density in kg/ M3 2600 2800 
Particle parameters for the Rosin-Rammler distribution in Fluent 
Table 6.2 
After 40 sec simulation, the model was in steady state. The number of particles 
entering the silo was the same as those leaving the silo. Material was sampled for 10 
seconds. In the next step, the particle masses and the fine fraction of sand for the first 
simulation and alumina for the second simulation were estimated for each bottom 
section. Results are listed in Table 6.3. It can be seen that in the sand-water simulation 
slightly more material accumulated in the central section (c). The middle section (m) 
contained nearly the same amount of accumulated material in the two simulations. In 
the alumina-air simulation, more material was collected in the outer section (e). The 
concentration of fines was in the sand-water simulation for all three-compartment 
sections slightly higher than in the alumina-air simulation. This resulted in a higher 
segregation index for the sand-water simulation with a value for 1, of around 1.68. The 
segregation index for the alumina-air simulation was around 1.14. 
For calculation of mean diameter see the Fluent help file 
For the calculation of ns see the Fluent help file 
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Parameters 
Total mass central section (c) in kg 
Total mass middle section (m) in kg 
Total mass outer section (e) in kg 
Fraction of fines central section (c) in percent 
Fraction of fines middle section (m) in percent 
Fraction of fines outer section (e) in percent 
Sand in water Alumina in air 
0.03 0.01 
0.001 0.002 
0.0004 0.001 
54 35 
68 54 
91 82 
Results of the simulation (total mass and fraction of fines) in the three sections of the 213- 
half plane silo for sand In water and alumina in air 
Table 6.3 
It can be concluded that testing the simplified three-group dimensional analysis was not 
easy because it was not possible to estimate the segregation index for the industrial silo. 
Therefore, no scale up experiments could be conducted so far. By scaling down the 
geometry, problems, e. g. particle scaling and powder cohesion, occur. One possible 
way of testing the scaling rule was using the water experiment because all properties of 
the fluid and the particles were lumped into the single particle terminal velocity. The 
tests were not entirely convincing because the spreading factors between the particle 
jets in water and air were quite different and, thus, the dynamics of the fluid were not 
alike. The results of the simulations in Fluent confirmed the differences in the fluid 
dynamics, because a slightly different value for Is was obtained. However, the test 
showed that the simplified three-group dimensional analysis gave at least meaningful 
results. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 
7.1 PRINCIPAL RESULTS AND CONCLUSIONS 
The aim to enhance the understanding of ACS in different scaled silos was achieved by 
conducting experimental investigations based on the simplified three-group 
dimensional analysis. The objectives set in this research are now listed and the main 
findings presented: 
(i) Exploration of the occurrence of the phenomenon ACS in an industrial silo 
A case study was conducted in a large scale industrial alumina silo where samples 
from different areas of the powder heap surface were analysed, see section (5.2.3). 
Near the wall, the fines fraction was between 30 and 50 percent. Similar values 
(around 60 percent) were measured by Carruthers (1987) in a 30 rn high alumina 
storage silo. Further, own measurements showed that 1 rn away from the silo wall, the 
fines fraction was only around 4 percent. Thus, it can be concluded that ACS could be 
measured in the large industrial storage silo. 
(ii) Measurement of ACS in laboratory scaled equipment 
It has been shown in section 5.1.4.5 and 5.2.7 that it is possible to study the 
phenomenon ACS experimentally. In the literature, no quantitative experimental data 
are presented so far. Experiments in the laboratory silos in Norway and England 
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exhibited ACS and gave similar values for the segregation index in sets of nominally 
identical experiments. It can be concluded that air current segregation is no random 
phenomenon. 
(iii) Development of a simulation model of ACS in the software package Fluent 
The Eulerian-Lagrangian model was used to simulate air current segregation with the 
CFD software Fluent, as shown in section 5.2.5. Some key physics, e. g. the drag force, 
acting on a compact particle jet are not present in the Eulerian-Lagrangian approach. 
However, it is remarkable how similar results were in the laboratory scale experiments 
and the CFD simulation. The simulations can be used with caution to predict the right 
trends of ACS in cylindrical silos. 
(iv) Testing of the simplified three-group dimensional analysis in the water 
experiment 
The testing of the simplified scaling rule of the dynamic particle-air flow in the water 
model was provisionally positive. Experiments were conducted in which the water silo 
and the air silo and results compared (section 6.4.2). The tests showed that the fluid 
dynamics in the particle streams were slightly different in the water experiment and the 
air silo but the pattern of deposition of particles on the base of the silo was similar. It 
can be concluded that the results of the experiments were not entirely convincing. It 
could not be shown that the simplified scaling rule is appropriate to scale the dynamic 
particle flow; even though, the segregation index was similar in the water and air 
experiments. The particle jet in the water test looked similar to that in the industrial silo 
and, thus, the water experiment could maybe used to test the tendency of a fluidised 
powder to segregate during the filling of an industrial silo with air slides. 
(v) Investigating the effect of process parameters (the powder feeding rate and the 
air extraction rate) on ACS in the experimental silo in England 
The findings, presented in section 6.1, show a strong impact 9f the powder feeding rate 
on ACS. The results are confirmed by the literature where various authors (Carruthers, 
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1987 and Shinohara et al., 2002) meption the powder feeding rate as an important 
process parameter. Further, it was found that the air extraction rate has a mild effect 
on ACS (section 6.1). The PIV measurements with different air extraction rates 
suggested that low air extraction rates created only a small airflow in the silo, as shown 
in section 4.1. It was shown that increasing the air extraction rate created stronger air 
currents, which influenced the particle flow pattern in the silo. The air currents carried 
more material around in the silo and a larger particle mass accumulated in the outer 
compartments. 
Further conclusions from the research 
Tests in the industrial silo showed that the particle jet becomes denser by installing an 
insert in the powder filling section. As a result, ACS could be minimised by the 
improvement of the filling section. 
In general, it was shown that using Fluent to simulate ACS in cylindrical silos has 
limitations. First, it was not possible to create a dense particle jet similar to the one 
obtained in the experiments with alumina particles settling in air. Furthermore, it was 
found that with increasing volume fraction the Fluent simulation on ACS differs from the 
experimental data (section 5.2.7). Thus, adjustments of the computational model are 
necessary to overcome these limitations. 
The fine fraction in the feed did not affect the segregation index as long as the material 
was free flowing and therefore, not cohesive (section 6.2). In addition, changes of the 
silo height (section 6.3) did not affect drastically segregation in the experimental silo 
because the segregation index was quite similar for the experiments with three different 
silo heights. 
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It can be concluded that the proposed segregation index in equation (5.20) is one way 
to measure ACS in cylindrical silos because the specially designed silo bottom allows 
collecting material in separate compartments. The segregation index proved to be 
useful because a higher separation of particles increased the value of Is. Further, the 
segregation index was sensitive to changes of process parameters, such as the 
powder feeding rate, as shown in Figure 6.3. 
7.2 FUTURE DIRECTIONS AND RECOMMENDATIONS 
The investigations in the industrial silo were difficult because limited accessibility of the 
silo did not allow the researcher to sample material as in the laboratory silo. Therefore, 
it was not possible to calculate a segregation index for the industrial silo. In the next 
step, possibilities should be sought to estimate values for 1. in the industrial silo. This 
would give strong evidence weather or not the simplified three-group dimensional 
analysis is working. 
If the research community, which is interested in segregation of granular materials, 
wishes to enhance the knowledge about air current segregation, further investigation of 
the particle jet is required. The forces acting on the particle jet have to be understood 
better. For example, what effects have forces such as the skin friction force or the drag 
force on the break up of the particle jet? Furthermore, parameters such as the powder 
filling height or the diameter of the particle jet have to be investigated more closely. 
The research has shown that the compactness of the particle stream, which is a 
function of the particle jet diameter and the method of pouring the material into the silo 
affected the break up of the particle jet in the silo. This knowledge will help then to 
develop a mathematical model, which could predict the break up of the jet. The benefit 
of having such a model would be valuable for the powder handling industry. The 
powder industry could adjust the designs of the feeding mechanism on their storage 
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silos to obtain a particle jet that breaks up less. As a result, air current segregation 
could be reduced significantly. 
In addition, more code development in the software package Fluent could help to find 
ways of coupling the physics of the Eulerian approach with the Lagrangian approach 
because then particle interaction in the powder jet could be simulated. The advantage 
of using the two concepts would be the simulation of ACS with a dense particle jet and, 
thus a better agreement with experimental data. For different parameters, e. g. particle 
properties like size and shape or for different powder filling rates the ACS could be 
estimated by simulation. 
The segregation index seems to work quite well for free flowing alumina. In addition, 
investigations can be conducted experimentally or by simulations to show if the defined 
segregation index is applicable to different powders and, therefore, generalisable. 
Future research can also explore how other particle properties, such as particle size 
and shape, influence ACS. 
Finally, it can be said that air current segregation is only one phenomenon. Different 
mechanisms are active in a powder heap, which will segregate and remix material 
during the silo filling procedure. To improve the general understanding of segregation 
in silos, ways have to be found to shed light into the complex interaction of other 
segregation mechanisms with ACS. In addition, the experimental and theoretical 
exploration of 'the ACS phenomenon should be enhanced to increase the 
understanding of a complex phenomenon with interesting academic features. The 
value of this work would undoubtedly be increased when next generations of 
researchers would use some of the findings and continue the research in this 
fascinating field. 
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APPENDIX A EXPERIMENTAL 
AI The effect of the position of the flow meter in the experiments in Norway 
Tests were conducted in the cylindrical silo in Norway (section 3.1) to estimate the 
effect of the position of the flow meter on the segregation index. One experiment was 
carried out where the flow meter was placed on a separate tube (case A/ section 3.1) 
and one experiment where the flow meter was in line between the air extractor and the 
experimental silo (case B/ section 3.1). In all experiments, I kg alumina with a fine 
content of around 8 mass % was poured centrally into the experimental silo. The 
powder feeding rate was 1.3 kg/min and the air extraction rate was around 75 I/min. 
The segregation index was estimated based on equation (5.20) in section 5.2.4 and 
results are presented in Table A. 1: 
Experiment Parameter Segregation 
index 
Flow meter on separate tube Feeding rate 1.3 kg/min 0.13 
case A Air extraction rate 75 
Ilmin 
Flow meter between Feeding rate 1.3 kg/min 0.12 
experimental silo and vacuum Air extraction rate 75 
pump case B I/min 
Segregation index 1, for experiments with the flow meter in different positions 
Table A. 1 
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It can be seen from Table A. 1 that the position of the flow meter in the experimental set 
up gave similar values for the segregation index. Thus, it implies that the phenomenon 
ACS was not affected by the way the air extraction rate was measured. Experiments, 
with air flow rate measurements, as described in (case A/ section 3.1), were mainly 
conducted in the preliminary stage of this research (Chapter 4 of the thesis). In the 
experiments only qualitative observations were made on ACS and the particle velocities 
were measured with LDV and PIV and, thus, small differences in the air extraction rate 
were acceptable. 
A2 Error analysis of the experiments in England and Norway 
To estimate the experimental uncertainties in the Norwegian and English investigations, 
the standard error was calculated using equation A 1. In order to provide an error 
analysis for the two experimental silos, experiments were repeated at least twice for one 
parameter setting and the standard error estimated. 
2"0.5 
2: (xi - X) (A 1) 
(n-, Fn, 
where xi is the reading of one variable, R is the average value of the reading and nR is 
the value for a series of readings. 
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A3 Cohesion test of alumina type A 
Two yield loci were measured for the alumina (type A). The flow function and the 
effective angle of internal friction of the powder could be identified. Figure Al shows 
that the powder was nearly free flowing, but a bit more cohesive than what is common 
for alumina. 
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APPENDIX B PARAMETER SETTINGS FOR FLUENT 
SIMULATIONS 
BI Selection of the turbulent model (Realizable k-E Model) 
The modelling of turbulence is based on the combination of two quantities: the turbulent 
energy, k, and the dissipation rate, c. The "realizable" k-c version differs from the 
standard k-c model in two important features: 
1. the realizable k-c model contains a new formulation for the turbulent viscosity 
2. a new transport equation for the dissipation rate, c, has been derived from an 
exact equation for the transport of the mean-square vorticity fluctuation. (Fluente). 
B2 Coupling of Discrete and Continuous Phases 
The trajectory of a particle is computed by Fluent during the simulation. The mass and 
momentum gained or lost by the particle stream that follows the trajectory is calculated 
and these quantities can be incorporated in the subsequent continuous phase 
calculations. Thus, the continuous phase affects the discrete phase and vice versa. 
This two-way coupling is accomplished by solving the discrete and continuous phase 
equations until the solutions in both phases have stopped changing (Battistin, 2007). 
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B3 Boundary conditions 
For the continuous (gas) phase no-slip boundary condition was used. This condition 
indicates that the fluid sticks to the wall and does not move (Fluent help file). For this 
option, Fluent uses the properties of the fluid flow near the wall. Turbulent flows are 
significantly affected by the presence of the walls; very close to them, the molecular 
viscosity effect becomes dominant on the momentum transfer and the flow is almost 
laminar, while the turbulence is rapidly augmented with increasing distance from the 
wall. Hence, in this zone large velocity gradients exist. In order to model the fluid flow 
near the wall, the Wall Function approach is used in Fluent. Empirical equations 
calculate the velocities in the region between the wall and the fully-turbulent flow. 
For the discrete phase, particles-wall collisions are modelled by using the "reflect" 
boundary condition which is represented by the (normal) coefficient of restitution. The 
coefficient of restitution defines the fraction of the momentum that is retained by the 
particle after the collision, in the normal (or tangential) direction to the wall. 
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B4 Parameter settings in Fluent for the simulation of ACS 
The list below shows boundary conditions and numerical values that were chosen for 
the simulation model: 
" Air in: velocity inlet for / case Low (L)-air extraction rate of 20 I/min case and High 
(H)-air extraction rate of 100 I/min 
" Particles in (discrete phase): wall/ reflect/ 0.2 
" Mass flow Inlet: 0.0001 kg/s 
Air out: pressure outlet 
Bottom: wall/ escape 
Axis: axis 
Meshed cells: 843,000 
Additional parameters which are set in Fluent: 
" Model: Eulerian - Langrangian multiphase model 
" Continuum phase: air 
" Discrete phase: particles 
" each single particle is tracked at the bottom 
" the particle mass and fraction of fines can be calculated 
" Viscous turbulence model: k-c (realizable) 
" C2- Epsilon 1.9 
" TKE Prandl Number 1 
" TDR Prandl Number 1.2 
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9 Particle- particle interaction (interparticle forces, collisions were not considered) 
9 Turbulent dispersion of particles- random eddy lifetime 
9 Turbulent motion of particles along the particle path is realised by the integral 
time scale (T) default value: 0.15 
9 Unsteady simulation 
Visualisations of the simulations are shown below. In these visualisations the particles 
have been coloured according to size. The finer particles drop more slowly than the 
larger and are also carried away from the centreline more easily. Therefore, there is a 
tendency of finer particles to obscure the main part of the flow which is why the early 
transients are more informative than later visualisations (> 5s) in which the flow pattern 
tends to a steady state but the fine particles obscure everything else. 
(particle diameter 
in meter) 0.4s 0.5s 0.6s 
B4 
APPENDIX 
(particle diameter 
in meter) 
(particle diameter 
in meter) 
0.7s 
1.0s 
0.8s 
1.5s 
0.9s 
2. Os 
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(particle diameter 
in meter) 3. Os 4. Os 5. Os 
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B5 Full set of equations solved in Fluent 
Calculation of the Drag Law Coefficients 
The drag coefficient, CD, can be also taken from 
24 b2 NRAsph CD 1Eýý- 
(I + blReoph )+N+ 
Reoph 
(B. 1) 
where 
bi 2`2 cxp(2.3288 - 6.45810 + 2A4860) 
k=0.0964 + 0.55650 
(B. 2) 
(B. 3) 
b3 2`2 exp(4-905 - 13.89440 + 18.422202 - 10.259903) (B. 4) 
b4 :,,: cxp(lA68I + 12.2584ý - 20.732202 + 15.8855ý3) (B. 5) 
Stochastic Particle Tracking in Turbulent Flow 
When the flow is turbulent, FLUENT will predict the trajectories of particles using the 
mean fluid phase velocity, U, in the trajectory equations (Equation (B. 6). Optionally, 
the instantaneous value of the fluctuating gas flow velocity can be include. 
U =11+ U' 
(B. 6) 
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The Integral Time 
Prediction of particle dispersion makes use of the concept of the integral time scale, 
which describes the time spent in turbulent motion along the particle path, ds: 
f 00 1- .1 lupt(t)upt(t -r (B. 7) 
UP12 
The integral time is proportional to the particle dispersion rate, as larger values indicate 
more turbulent motion in the flow. 
For small "tracer" particles that move with the fluid (zero drift velocity), the integral time 
becomes the fluid Lagrangian integral time, TL.. This time scale can be approximated as 
TL = CL 
k (B. 8) 
f 
By matching the diffusivity of tracer particles, uj', ul', TL, to the scalar diffusion rate 
predicted by the turbulence model, v, /a, equation (B. 9) is obtain: 
Th Fv 0.15 (B. 9) 
The Discrete Random Walk Model 
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In the Discrete Random Walk (DRW) model, or "eddy lifetime" model, the interaction of 
a particle with a succession of discrete stylized fluid phase turbulent eddies is simulated. 
Each eddy is characterized by 
*a Gaussian distributed random velocity fluctuation, ut, ut, and u/ 
o atimescale,, re 
0 
The values of ul, V, and u/that prevail during the lifetime of the turbulent eddy are 
sampled by assuming that they obey a Gaussian probability distribution, so that 
Uý =C %Fj2- 
(B. 10) 
where ý is a normally distributed random number, and the remainder of the right-hand 
side is the local RMS value of the velocity fluctuations. Since the kinetic energy of 
turbulence is known at each point in the flow, these values of the RMS fluctuating 
components can be defined (assuming isotropy) as 
A 
riji-2- 
= 
Fi; 
1-2 r2k/3 (B. 11) 
for the k- fmodel, the k- wmodel, and their variants. When the RSM is used, non- 
isotropy of the stresses is included in the derivation of the velocity fluctuations: 
14 = (B. 12) 
vI CýFý0727 
(B. 13) 
ul 
(B. 14) 
,C V)CW:;: 
2- 
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The characteristic lifetime of the eddy is defined as a constant Te 
re = 2TL (B. 15) 
The particle eddy crossing time is defined as 
tcrom -TlU 
L,, 
(B. 16) 
11 
- 
(Tlu 
- UPI)] 
where Tis the particle relaxation time, Le is the eddy length scale, and Ju-upj is the 
magnitude of the relative velocity. The particle is assumed to interact with the fluid 
phase eddy over the smaller of the eddy lifetime and the eddy crossing time. 
Momentum Exchange 
The momentum transfer from the continuous phase to the discrete phase is computed 
in FLUENT by examining the change in momentum of a particle as it passes through 
each control volume in the FLUENT model. This momentum change is computed as 
18. UCDIIC (UP - U) + Fogher ThpAt (B. 17) 
pA24 
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where 
14 = viscosity of the fluid 
PP = density of the particle 
dp = diameter of the particle 
Re = relative Reynolds number 
up = velocity of the particle 
U = velocity of the fluid 
CD = drag coefficient 
7hp ý mass flow rate of the particles 
At = time step 
FOthu = other interaction forces 
This momentum exchange appears in the continuous phase momentum balance in any 
subsequent calculations of the continuous phase flow field. 
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APPENDIX C Equipment 
CI BET 
Apparatus 
Coulter SA 3100 is a compact bench which measures the specific surface area from 
0.01 to >2000 rn 2 g". The unit includes a sample port, three out-gassing stations, 
vacuum pump, built in PC and a touch sensitive video screen. The raw data and the 
final report are transmitted in ASCII format. 
Surface area measurement of alumina particles 
The SA 3100 measures the volume of gas condensing on the surface of a sample at 
given pressure, using the static dosing method (reference technique). This method is 
used to ensure that each data point is truly equilibrated. The resulting plot of volume 
against pressure is called an isotherm which is used to calculate the surface area and 
the pore size distribution. One way of estimating the isotherm is the BET method, which 
is widely used. The method is named by its creators Brunauer, Emmett and Teller 
(1938). BET is a mathematical model and, therefore, based on certain assumptions 
and not a complete theory for all circumstances. The BET assumptions are: 
* There is a difference between the energy evolved by a nitrogen molecule 
adsorbing onto the sample surface and a nitrogen molecule adsorbing onto a 
previously adsorbed nitrogen molecule (multiplayer formation) 
9 The surface of the sample has uniform attraction to nitrogen molecules - it is 
homogeneous 
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Nitrogen attractive forces are assumed to be vertical and therefore, neighbouring 
molecules already adsorbed do not affect each other. 
The surface area obtained for alumina (type H) was 61.4 m2/g. A detailed list of 
parameter settings is provided below: 
Alumina (type H) 
Surface Area 61.396 m2/g 
INSTRUMENT 
Serial No. AF08006 
Software Revision 2.13 
Manifold Volume 10.417 ml 
Tubing Volume 1.523 ml 
ANALYSIS 
Start Date 04/14/05 
Start Time 07: 23: 54 
Sample ID ALUMINA 
Customer NONE 
Operator MARK 
Sample Wt 0.16604 g 
Profile BET 
Max Temperature 300 C 
Actual Outgas Temp 300 C 
Actual Outgas Time 60 min 
USER PROFILE 
Profile ID BET 
Adsorbate NITROGEN 
Sensitivity HIGH 
SampleCategory NEWAIDSSTD 
Printer Output FULL REPORT 
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C2 SEM measurements 
Apparatus 
The apparatus used was a Hitachi S-3200N, a Scanning Electron Microscope (SEM) 
with backscattered electron detection. 
Scanning electron microscope (source: help file of operating software) 
The main component of the SEM is the source of electrons, which are produced at the 
top of a column. They pass through a combination of lenses and hit the surface of the 
sample. The electrons, as the source of illumination, produce a superior resolution 
picture of the sample. The position of the electron beam on the sample is controlled by 
scan coils which are situated above the objective lens. These coils allow the beam to be 
rastered over the surface of the sample. This beam rastering or 'scanning', as the 
name of the microscope suggests, gives information about a defined area on the 
sample to be collected. As a result of the interaction of the electron beam with the 
sample, a number of signals are produced, which can then be detected by appropriate 
detectors. 
C3 Hiden Igasorp water sorption microbalance for measuring the water 
adsorption/ desorption in the alumina powder 
The moisture sorption characteristics were obtained using a Hiden Igasorp, water 
sorption microbalance. The device provides a stepwise increase in relative humidity (RH) 
from 0 to 90% RH and then decreases back to 0% RH in steps of 10% RH. 
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Parameters used for the experiment are given below: 
IGASorp Isothermal Mapper 
Run: 
0272 Alumina isotherm 106 
Isotherm No.: 
.1 Initiated: Friday, May 27,2005 16: 29 
Title: 
Data Directory: C: \igasorp\igas-DM2\IGAR0272\TDAT0001 
Sample: alumina 
Load: 41.116 Milligrams 
Mass: Undefined 
Mass Loss: Undefined 
Zero: 0 Micrograms 
Geometry: Unknown 
Thickness: 5 microns 
Volume: 0 cc 
Isothermal Parameters: 
Analysis Mode: F1 
Wait Until: 98 % 
Min Time: 15 Minutes 
Max Time: 360 Minutes 
M-Level: 0.2% 
Isothermal Sequence: 
Temperature: 19.990C 
Adsorption Desorption 
0 80 
10 70 
20 60 
30 50 
40 40 
50 30 
60 20 
70 10 
80 0 
90 
Summary: 
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Total Weight 
%-RH (mg) 
00: 00: 02 19.99*C Set point initiated 
0.1 40.9907 
0.1 40.9867 
10.2 41.4112 
20 41.5725 
29.8 41.7042 
40 41.8697 
Saturday, May 28,2005 00: 00 TIME1 =0.00 TIPRE =86399.95 TIADD =777600.00 Midnigl 
-208: 30: 22 Rollover 
50 42.0917 - Timed Out - Asymptote Predicted 
60 42.5336 - Timed Out - Asymptote Predicted 
70 43.4041 - Timed Out - Asymptote Predicted 
80.3 44.9803 - Timed Out - Asymptote Predicted 
Sunday, May 29,2005 00: 00 TIME1 =0.00 TIPRE =86399.95 TIADD =864000.00 Midnight 
-208: 30: 22 Rollover 
89.4 46.9804 - Timed Out - Asymptote Predicted 
89.4 46.9804 - Timed Out - Asymptote Predicted 
79.9 45.8548 - Timed Out - Asymptote Predicted 
70.1 44.4417 - Timed Out - Asymptote Predicted 
60 43.1743 - Timed Out - Asymptote Predicted Monday, May 30,2005 00: 00 TIME1 =0.00 TIPRE =86399.95 TIADD =950400.00 Midnigh 
-208: 30: 22 Rollover 
50 42.3963 - Timed Out - Asymptote Predicted 40 42.0144 - Timed Out - Asymptote Predicted 30 41-8006 
20 41-5678 
9.9 41.3827 
0.1 41.0052 - Timed Out - Asymptote Predicted 
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APPENDIX D TERMINAL VELOCITY OF SINGLE PARTICLES 
SETTLING IN A FLUID 
I Terminal velocity 
A particle, freely moving in a fluid under gravity reaches a steady velocity when the fluid 
drag exactly balances the immersed weight of the particles, i. e. its weight minus the 
Archimedes buoyancy. This velocity is usually known as terminal velocity (Seville et al., 
1997). 
Buoyancy, pgv, 
+ drag, FD 
I 
ter min al velocity (vt) 
weight, ppgv 
Figure D. 1 Spherical particle falling at its terminal velocity 
Seville et al. (1997) estimated the terminal velocity for particles with a density larger 
than the fluid density falling through a fluid. Three different flow regimes are considered 
in the concept. The terminal velocity for the creeping flow range, Re < 0.1, in which 
Stokes' law applies is given in equation (D. 1) because the fluid drag exactly balances 
the immerse weight of the particles. 
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Frý = 
; zdp' ýp 
- pg 
(D. (11). 1) 
6 
'a 
22 (D. 2) CD=4p(pp-pg)gdp'13 Ret 
Vt = 
dP2 (pp 
_p )gll8p 
(D. 3) 
In the Newton's law range (750:! ý Re: 5 3.4 x 10') with CD close to 0.445 the terminal 
velocity follows as: 
vt = 1.73[dp 
(pp / p17 - 
JýJY2 
(D. 4) 
However, in particle technology usually the intermediate range of Ret, between creeping 
flow and Newton's law (0-1:! ý Ret :5 750) has to be considered. There is no explicit 
result for the terminal velocity in the intermediate range. 
CDRe 
t2 = 4p(pp - pýd 
3 /3 ýU2 
(D. 5) 
The groupCDRet 2 and various multiples are known as the 'Archimedes number'. This 
dimensionless group includes the relevant particle and fluid properties but not the 
terminal velocity. Instead of using the 'Archimedes number' (equation D. 5), the 
dimensionless particle diameter is used (equation D. 6). 
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] Y3 
(D. 6) 
The dimensionless diameter d* proves to be an independent parameter which allows to 
estimate the terminal velocity of particles. 
Similarly, we note that equation D. 2 can be also written as 
CDRet =3 pg2Vt3 14(p, -p,, 
ýp (D. 7) 
This group and multiples of equation (D. 6) is also called 'Galileo number' and it is 
suggested to derive the dimensionless terminal velocity from it: 
Vt vt _P9 = Re, / dp* 
p 
/I 
(P; ýPgg 
The dimensionless drag correlation can be expressed by V, *[d*], and the resulting 
relation is shown in Figure D 2. 
D3 
APPENDIX 
Dimensionless correlation for terminal velocities of spheres 
Figure D. 2 
The particle velocity in the creeping flow range, strongly depends on the particle size 
and fluid viscosity. In the Newton's law flow range, the terminal velocity mostly depends 
on the fluid density. 
Vt =V t/ dimensionless terminal velocity (D. 9) 
v<0.32, Re, < 0.8, d' < 2.5 = Stokes'law (D. 10) 
d*: 5 3.8, Vt, < 0.62, Re !ý2.37 
10 
4 fy 
V, (cl'Y / 18 3 1234 *cý1 6415 * 10 '(d*r 7 278 * 10 
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d* 3.8-7.5, Vts 0.62-1.63, Re 2.37-12.4 
loglo Vt, = -1.5446 + 2.9162 * loglo d* - 1.0432 * loglo d 
*2 (D. 12) 
d* 7.5-227, Vts 1.63-28, Re 12.4-6370 
log, V,. * = -1.64758 + 2.94786 * log, 0 d* - 1.09703 * log d 
*2 + 0.17129 * log d*3 
(D. 13) 
d* 227-3500, Vt, 28-93, Re 6370-3.26*1 05 
109, o V,. 
* = 5.1837 - 4.51034 * log d* + 1.687 * log d *2 _ 0.189135 * log d* 
3 (D. 14) 
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